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A B S T R A C T 
Lent inula edodes is t h e t h i r d m o s t p o p u l a r 
c u l t i v a t e d m u s h r o o m a n d is c o n s i d e r e d t o be a d e l i c a c y 
in e a s t e r n c o u n t r i e s . Its q u a l i t y a t t r a c t s w i d e 
a t t e n t i o n . T h i s s t u d y a i m s t o i d e n t i f y s o m e s t a b l e and 
i n h e r i t a b l e g e n e t i c m a r k e r s by m o l e c u l a r b i o l o g i c a l 
a p p r o a c h a n d t o d e t e r m i n e t h e k a r y o t y p e of t h e m u s h r o o m 
by e l e c t r o p h o r e s i s . 
A r b i t r a r i l y c h o s e n o l i g o n u c l e o t i d e p r i m e r s w e r e 
u s e d t o g e n e r a t e m o l e c u l a r m a r k e r s f r o m t h e e d i b l e 
m u s h r o o m Lent inula edodes L40 v i a t h e A r b i t r a r y P r i m e d 
P o l y m e r a s e C h a i n R e a c t i o n ( A P - P C R ) . T w e n t y - o n e DNA 
s a m p l e s w e r e o b t a i n e d f r o m L. edodes L40 and its 
p r o g e n i e s . T h e y w e r e a m p l i f i e d by A P - P C R u s i n g s i n g l e 
o r p a i r w i s e c o m b i n a t i o n of t h e s e l e c t e d p r i m e r s . A P - P C R 
p r o d u c t s w e r e s e p a r a t e d on a g a r o s e o r p o l y a c r y l a m i d e 
g e l s a n d w e r e v i s u a l i z e d by e t h i d i u m b r o m i d e s t a i n i n g o r 
s i l v e r s t a i n i n g r e s p e c t i v e l y . P o l y m o r p h i c p a t t e r n s w e r e 
o b t a i n e d w i t h s o m e p r i m e r s , A m o n g 10 a m p l i f i c a t i o n 
r e a c t i o n s t e s t e d , 6 o f t h e m c o u l d a m p l i f y L. edodes D N A , 
e a c h p r o d u c i n g 1 t o 4 s c o r a b l e m a r k e r s r a n g i n g f r o m 200 
t o 8 5 0 b a s e p a i r s . T h e s e A P - P C R m a r k e r s s e r v e d to 
a n a l y s e m e i o t i c p r o g e n i e s f r o m L. edodes L 4 0 . 
S e g r e g a t i o n p a t t e r n s of t h e 14 i d e n t i f i e d A P - P C R DNA 
p o l y m o r p h i c f r a g m e n t s h a v e b e e n a n a l y s e d t o d e t e r m i n e if 
t h e s e a m p l i f i e d D N A f r a g m e n t s w e r e s u i t a b l e f o r u s e a s 
III 
g e n e t i c m a r k e r s . L i n k a g e r e l a t i o n s h i p s a m o n g t h e s e 
m a r k e r s w e r e a l s o t e s t e d by t h e LOD s c o r e m e t h o d . In 
a d d i t i o n , m o n o k a r y o n s i s o l a t e d f r o m d e d i k a r y o t i z a t i o n of 
p a r e n t a l d i k a r y o t i c s t r a i n L40 c a r r i e d a s u b s e t o f t h e 
A P - P C R m a r k e r s f o u n d in t h e d i k a r y o n , and b o t h o f t h e 
h a p l o i d n u c l e i f r o m t h e d i k a r y o n w e r e d i s t i n g u i s h a b l e . 
T h e s e r e s u l t s s h o w e d t h a t A P - P C R m a r k e r s p r o v i d e d ^n 
e f f i c i e n t a l t e r n a t i v e f o r s t r a i n f i n g e r p r i n t i n g � g e n e t i c 
m a p p i n g a n d a v e r s a t i l e tool f o r g e n e t i c s t u d i e s of L. 
edodes. 
A s s o c i a t e d w i t h t h e a r b i t r a r i l y p r i m e d p o l y m e r a s e 
c h a i n r e a c t i o n a n a l y s i s of L. edodes, t h e p r o c e d u r e f o r 
g e n e r a t i o n o f p r o t o p l a s t f r o m t h e s a m e m u s h r o o m m y c e l i u m 
w a s i m p r o v e d t o e n a b l e k a r y o t y p e d e t e r m i n a t i o n by P u l s e d 
F i e l d Gel E l e c t r o p h o r e s i s ( P F G E ) . U t i l i z i n g P F G E , t h r e e 
c h r o m o s o m e - s i zed D N A b a n d s w e r e i d e n t i f i e d f o r m i n g an 
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ARBITRARILY PRIMED POLYMERASE CHAIN REACTIONS (AP-PCR) 
ANALYSIS OF Lentinula edodes 
1• INTRODUCTION 
‘1.1 GENERAL INTRODUCTION 
Mushroom is a name given to all kinds of macrofungi 
with distinctive fruiting body structures. The fruiting 
body can either be epigeous or hypogeous and this 
structure itself which is easily visible by naked eye is 
frequently called mushroom (Chang, 1991; Chang & Miles, 
1991)• The total number of mushroom species reported 
world-wide is about 10,000. About thirty mushroom 
species are cultivated on an economical scale and about 
two thirds of them are edible, some examples are 
Agaricus bisporus, Lentinula edodes, Volvariella 
volvacea, Flammulina velutipes, Pleurotus spp., 
Auricularia spp., and Lyophyllum ulmarium. These 
mushrooms have been used as food and they are among the 
oldest cultivated foodstuffs (Chang & Hayes, 1978)• 
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R e c e n t l y , cultivated mushrooms have gained 
increased importance because they are used in the 
p r o d u c t i o n of high nutritional food protein and are also 
used in the recycling of certain agricultural and 
industrial wastes (Jong et al., 1991). Moreover, 
various medicinal properties have been attributed to 
them. For instance, there is evidence showing that 
Lentinula edodes may synthesize compounds with potentiaJL 
m e d i c a l v a l u e , such as polysaccharides that have 
antitumour activity (Chibata et al., 1969). However, 
the major use of the edible mushrooms is as food. Among 
all edible mushroom species, Agaricus bisporus, 
Pleurotus spp. and Lentinula edodes, are economically 
important (Chang, 1991). 
Agaricus bisporus (Lange) Sing. [=A. brunnesens 
Pk.] is the most popular cultivated mushroom, especially 
in the western countries. The annual world production 
of this mushroom is the highest among all edible 
s p e c i e s . in 1990, the world production of the oyster 
mushrooms (Pleurotus spp.), the second most popular 
m u s h r o o m s , was 9,090,000 metric tons and it increased 
over 437.9% when comparing with the production in 1986. 
Lentinula edodes (Syn. Lentinus edodes； common name : 
shiitake) is the third most popular cultivated mushroom 
and is described as a typical oriental mushroom because 
it was first reported and cultivated in eastern 
‘ Page 3 
countries. In 1989-1990 over 400,000 metric tons of 
shiitake mushroom were produced world-wide which was 
estimated to constitute 10% of the total mushroom 
production (Chang, 1991)• in order to improve the 
qualities and to increase the production of these 
mushrooms, many studies have been carried out especially 
those about cultivation methods (Jong, 1989; Royse & 
Bahler, 1989; Royse, 1989; Tan & Moore, 1992). H o w e v e r。 
the genetic information on these mushrooms is still very 
limited. 
The recent rapid development of molecular biology 
has a very great impact on mushroom studies (Jong et 
al., 1991; Metzenberg, 1991) . One of the most obvious 
evidence is the success in genetic characterization of 
Agaricus bisporus, the button mushroom, by using various 
kinds of recombinant DNA techniques (Anderson, 1992; 
Khusk et al., 1992; Hintz et al. , 1989; Castle et al., 
1987) • Apart from this particular mushroom, the genetic 
information of other edible mushrooms remain unclear. It 
is valuable to explore the genetic information of other 
mushrooms• 
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1.2 PURPOSE OF STUDY 
Lentinula edodes is the third most popular 
cultivated mushrooms and considered to be a delicacy in 
eastern countries. Its quality attracts wide attention. 
I am interested in studying the genetic information of 
Lentinula edodes by molecular biological approaches as a 
pre-requisite of improving its quality. This study aims 
to identify some genetic markers through a modified 
polymerase chain reaction method called Arbitrarily 
Primed Polymerase Chain Reaction (AP-PCR) and to assess 
the karyotype (number of chromosome) of the mushroom by 
pulsed field gel electrophoresis. 
In mushrooms, genetic markers available are 
auxotrophic markers, physiological markers and 
biochemical markers. In L. edodes, there are only a few 
of these markers. To understand the genetic information 
of this mushroom, one have to identify genetic markers 
which are stable and easily scorable. The breakthrough 
of molecular biology provides us with some new markers, 
such as Restriction Fragment Length Polymorphisms 
(RFLPs) and Polymerase Chain Reaction (PCR) based 
markers. 
At the beginning of this study, only a few of the 
molecular genetic markers in L, edodes were identified. 
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T h u s , the main purpose of this study is to identify some 
PCR based molecular markers for the characterization of 
edodes. In addition, I tried to obtain an 
electrophoretic karyotype of L . edodes by Pulsed Field 
Gel Electrophoresis (PFGE) which can be used for the 
estimation of the genome size. The genetic 
characterization and markers generated would form the 
basis for breeding programmes of Lentinula edodes. • 
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2. LITERATURE REVIEW 
2.1 BIOLOGY OF Lentinula edodes 
2.1.1 OVERVIEW 
Lentinula edodes, the shiitake mushroom, is a 
white-rot fungus and its vegetative stage is formed by 
mass of white hyphae. The mature fruiting body of the 
‘mushroom consists of a dark brown cap with umbrella-like 
appearance. Shiitake mushroom is a wood-rotting 
basidiomycetes and it is originally found in the 
subtropical region of eastern Asia. Wild shiitake 
mushrooms grows on fallen forest broadleaf trees, for 
example, oak, beech and chestnut. Large scale 
commercial cultivation of shiitake usually uses the 
hardwood tree log or nutrient-supplemented sawdust 
medium in plastic bags (Tokimoto & Komatsu, 1978). 
2.1.2 LIFE CYCLE OF Lentinula edodes 
The life cycle of L . edodes starts as a tiny oval-
shaped haploid spore. The spore, produced from a mature 
shiitake mushroom, germinates to form hyphae and then 
mycelium. The mycelium is a mass of elongated, thread-
like hyphae and it is regarded as the vegetative stage 
of the mushroom. This hyphal system composes of many 
• 丨 . Page 7 
cells that are genetically identical and this haploid 
monokaryotic mycelium is also called homokaryotic 
mycelium (an individual cell is called a homokaryon)• 
Figure 1 is a schematic diagram showing the life cycle 
of L. edodes from the monokaryotic mycelia to fruiting 
body formation. 
Under appropriate growth conditions, the homokaryon, 
is capable of indefinite vegetative growth, but produces 
‘no asexual spores. The umbrella like fruiting bodies 
will only be produced when two genetically different 
homokaryons fuse and develop through a series of steps 
to form a fertile dikaryotic strain. The two 
corresponding homokaryons which can form a fertile 
dikaryon belong to two different mating types. The 
mating type of a homokaryon is defined by the 
combination of incompatible factors determined at two 
genetic loci, A and B, which are unlinked genes on two 
separated chromosomes• 
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FIGURE 1. 
Life cycle of Lentinula edodes. 1) Compatible 
monokaryons fuse together to form heterokaryon, 2) 
Vegetative growth of dikaryotic mycelium with the 
presence of clamp connection, 3) Differentiation of 
fruiting hyphae occurs and initiate fruiting bodies 
formation, 4) Morphogerletic changes result in fruit body 
formation and produce basidiospores (haploid) for new 
generation. 
- W i t t H l ^ t o + — ? T ^ 
* I * 丨 … ““ 1 
Compatible Binucleate 一 • 气 
haploid hyphae Heterokaryon - - I D 
(dikaryon) 1 
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o« I .” r r ^ — ^ 
• Undifferentiated 
i^^ca丨 vegetative hyphae 
. . . _ —— — - _ - cell division ^ 口 
^ ^ p v ^ I 
‘\f ^ ^ Differentiated of 
fruiting hyphae ^ 
• J ¥ , a 翁 
Morphogenetic changes 
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W h e n these two homokaryons of different mating 
t y p e s grow t o g e t h e r , the two types of hyphae adhere and 
p l a s m o g a m y , the fusion of two cytoplasmic c o m p o n e n t s , 
t a k e s p l a c e . T h e n , nucleus migrates to the 
c o r r e s p o n d i n g cell w i t h o u t nuclear fusion (karyogamy) to 
form a h e t e r o k a r y o t i c cell (dikaryotic c e l l ) . The_ 
heteirokaryotic cell contains a resident nucleus and a 
• m i g r a n t nucleus but these two nuclei are entirely 
separated w i t h o u t any physical interaction. A fertile 
h e t e r o k a r y o n is formed only when the two homokaryons 
h a v e non-identical A and B factors (e.g. A l B l and A 2 B 2 ) . 
T h e fertile heterokaryon is called a dikaryon and each 
of its cells is binucleate containing one nucleus of 
each m a t i n g t y p e . The dikaryon often grows faster than 
the two homokaryons and eventually the dikaryon become 
d o m i n a n t . Each dikaryotic hypha possesses some lateral 
a p p e n d a g e s called clamp connections but there is no 
clamp connection found in the homokaryotic h y p h a e . The 
function of clamp connection is for nuclear migration in 
the growing tip of the dikaryotic m y c e l i u m . Once 
e s t a b l i s h e d , dikaryotic mycelium is capable of 
indefinite vegetative growth via conjugate nuclear 
division by means of clamp connections. 
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In the appropriate environment, the d i k a r y o t i c 
m y c e l i u m produces a fruiting body. The dikaryotic 
n u c l e i fuse to form special cells called b a s i d i a , which 
line u p on the gill surfaces of the fruiting b o d i e s . 
Each such t r a n s i e n t diploid nucleus undergoes m e i o s i s 
and p r o d u c e s four exogenous haploid basidiospores• 
F i n a l l y , these basidiospores (spores) are released from 
the m u s h r o o m and germinate into new homokaryotic 
m y c e l i a . For breeding and research p u r p o s e s , the 
h a p l o i d spores or the germinating spores are collected 
as single spore isolates (SSIs) for subsequent analyses 
(Tokimoto & K o m a t a s u , 1978)• Figure 2 shows the steps 
t o c o l l e c t single spore isolates (SSIs)• In summary, 
the developmental stages of the mushroom can be 
separated into five consecutive stages: 1) spore, 2) 
haploid monokaryotic m y c e l i u m , 3) dikaryotic m y c e l i u m , 
4) fruiting bodies (consist of a region w h e r e nuclear 




A schematic diagram shows the steps involving isolation 
of single spore isolates from Lentinula edodes. 、 1) 
Aseptically transfer a portion of fruit body tissue to 
underside of petri dish cover, 2) Allow the spores to 
accumulate on the agar surface, 3) Spread the spores 
evenly on the surface with the presence of sterile 
w a t e r , 4) Incubate at optimal temperature and moisture 
for 24 hours, 5) Isolation the single spore isolates 
(SSIs) or sporulings under light microscope. 
Ffu i l i ng c o l o n y o n sawdust l og Cover d ish 
- ^ ^ ^ ^ 
I 
Allow spores lo accumulate 
A d d steri le wate r 
Dilute, plate on nutrient agar 
X Cover and incubate at C 
y h ( 24 hours 
Isolare sporulings: 
^ - Z ‘ P cut surrounding agar, scoop agar block, 
I' , - . . r — — f r a n s f e r to n e w d ish 
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2.1.3 DEDIKARYOTIZATION (MONOKARYOTIZATION) 
Dedikaryotization (monokaryotization) refers to the 
process by which a dikaryon separates into two parental 
raonokaryotic components (Leal-Lara & Eger-Hummel, 1982). 
The aim of the process is primarily to separate the two 
compatible nuclei. Since two haploid nuclei are not 
fused together inside the cell, they truly represent th玲 
genetic information of the parental homokaryons. 
Consequently, this technique can produce parental 
monokaryotic mycelium even though starting from a 
dikaryon. There are four possible ways to get 
monokaryotic mycelium, that is, mechanical treatment, 
chemical treatment, nutrient starvation and protoplast 
production (Pan, '1992). 
It has been reported that homokaryons can be 
obtained from Agaricus bisporus which is a secondary 
homonthallic mushroom (Anderson et al. , 1984; Castle et 
al, , 1988). Since this mushroom possesses only 
dikaryotic spores and mycelium, dedikaryotization 
technique gives sufficient number of homokaryons which 
are the essential elements for improving mushroom yield. 
Moreover, this is one of the possible ways to obtain the 
genetic information of the parental monokaryons from a 
dikaryon. For L, edodes, most of the cultivated strains 
are dikaryons and it is difficult to obtain their 
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p a r e n t a l m o n o k a r y o t i c strains. In such c i r c u m s t a n c e , 
t h e d e d i k a r y o t i z a t i o n process is helpful because the 
g e n e t i c information of the parental homokaryons can be 
a n a l y s e d . 
2.2 G E N O M E A N A L Y S I S OF THE MUSHROOM 
G e n o m e analysis involves a wide range of 
investigations on the genetic information of an 
o r g a n i s m . T h r e e approaches will be outlined. The first 
a p p r o a c h includes the identification of some detectable 
g e n e t i c m a r k e r s in the g e n o m e . T r a d i t i o n a l l y , these 
d e t e c t a b l e reference points are often deduced from the 
p h e n o t y p e s . The second approach is to construct a 
r e p r e s e n t a t i v e genetic . map or linkage map of the 
o r g a n i s m . By definition, the linkage m a p refers to a 
d i a g r a m m a t i c representation of the relative (genetic) 
d i s t a n c e between the genetic m a r k e r s . The distance 
between these genetic markers and the arrangement of 
t h e s e reference points in relative positions on the 
g e n o m e is based on the frequency of r e c o m b i n a t i o n . The 
g e n e t i c distance is a measure of the frequency of 
recombination between the selected markers and expressed 
centimorgan (cM) u n i t s . A map unit of 1 cM corresponds 
to a 1% recombination. Through genetic m a p p i n g , the 
arrangement of the genetic markers are defined. 
M o r e o v e r , the inheritance pattern of these markers can 
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be deduced through Mendel's laws. Furthermore the 
inheritance pattern of some important traits can be 
predicted when some anonymous markers are closely linked 
with these important trait loci. The genetic markers 
and genetic map play important roles not only in 
academic field but also in the mushroom breeding 
industries. 
once the genetic map is constructed, extensive 
characterizations can be carried out. One of these 
characterizations is to get a physical map of the 
genome. A physical map represents the actual distances, 
measured in nucleotide, between two selected markers. 
The physical map is obviously more informative when 
comparing with a genetic map. However, the workload of 
constructing a physical map is much heavier than a 
genetic m a p . With regard to genome analysis, this time 
consuming, labor intensive experiment is only attempted 
in some 'big' projects, e.g. the Human Genome Project. 
To summarize, the three approaches of genome 
analysis mentioned above represent the different degree 
of sophistication. For example, identification of 
sufficient numbers of genetic markers is a pre-requisite 
of constructing a genetic map. When a genetic map is 
constructed, genome characterization is no doubt 
proceeded to construct a physical map. The physical map 
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is the most informative but the cost is too high for 
mushroom studies. The remaining two approaches seem to 
be more practical for analyzing commercial edible 
mushrooms. In the following sections, some aspects on 
the genetic markers and genetic mapping will be 
discussed. 
2.3 GENETIC MARKERS OF Lentinula edodes ^ 
2.3.1 OVERVIEW 
Despite the economic importance of L . edodes, in 
comparison with other vegetable crops and commercially 
important filamentous fungi, little effort is made 
genetically to improve the strains used for commercial 
production. The genetics of the shiitake mushroom is not 
well studied because it has been difficult to use 
classical approaches. One of the main reasons is that 
there are only a limited number of genetic markers 
available in this particular species. These markers 
include auxotrophic lesions, drugs resistance capability 
and morphological abnormalities and have been very 
useful for the researchers to carry out some initial 
genetic characterizations of the mushroom. 
As described by Anderson (1992), genetic markers 
can be regarded as reference points in the genome for 
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characterizing strain and tracking the inheritance of 
agronomic traits in mushroom. Traditionally, the 
genetic markers used in fungal studies include the 
auxotrophic markers and drug resistance markers. 
Recently, some new and diversified genetic markers have 
been developed. These markers enable scientists to 
enforce more radical genetic characterizations of 
mushrooms. These markers are 1) biochemical markers and 
2) molecular markers such as restriction fragment length 
- p o l y m o r p h i s m (RFLP) and PGR based markers. The 
characteristics of these markers will be discussed in 
the following sections. 
2.3.2 AUXOTROPHIC MARKERS 
By definition, an auxotroph is strain of micro-
organism which lacks the ability to synthesize one or 
more essential growth factors due to mutations. The 
auxotrophs require supplementary nutrient to sustain 
their lifes. Because auxotrophs are easily detectable, 
these strains are very important in classical genetic 
studies especially in basic researches. On the 
contrary, they are not too useful for breeding or strain 
improvement programs because the auxotrophs are often 
less competitive than prototrophs in natural environment 
and are seldom used in commercial cultivation. 
Therefore, the strains with auxotrophic markers have 
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only limited applications on the academic field. For L. 
edodes, a few auxotrophs are available, such as the 
adenine requiring mutant. 
Since auxotrophic have little practical value, the 
development and application of biochemical markers on 
mushroom studies have become some of the predominant 
research topics in the decade of 1980 Vs. , 
2.3.3 BIOCHEMICAL MARKERS 
Isozyme markers can be analyzed at the level of 
• protein variation that are resulted from the variation 
in the genes. Allozymes, a subgroup of isozymes, are 
the enzymes differring in electrophoretic mobility as a 
result of allelic differences in a single locus (gene)• 
Detection of the segregation pattern of the 
allozyme markers in L . edodes has been carried out since 
• 1983 (Royse et al. , 1983) . Royse and May (1987) 
identified eleven allozyme markers. They used these 
markers to characterize the genotypes of 91 L. edodes 
strains from different sources. Allozyme analysis 
revealed genetic variations among these strains. They 
successfully differentiated the strains and classified 
them into 35 genotypic classes. It was the first report 
to show the feasibility of using allozyme markers in 
： Page 18 
strain typing on shiitake mushroom. A genetic map of L. 
edodes based on allozyme loci was published on which 
three linkage groups were identified and ten allozyme 
markers were located . (Bowden & Royse, 1991). 
The progress of using allozyme markers for genome 
analysis is limited as the number of allozyme markers is 
very limited. Only 19 allozymes markers were reported, 
for L. edodes (Royse & May, 1987; Bowden & Royse, 1991). 
Furthermore, allozyme markers are easily subjected to 
environmental influence, such as temperature, buffer 
types and buffer concentration; thus precise control is 
demanded during allozyme analysis. Moreover, allozyme 
production is easily affected by the physiological 
variation of the mushroom. As a result, allozyme 
markers cannot be the sole components on the genome map 
of L. edodes. Royse commented that "our result be 
useful for future studies where RFLPs or random 
amplified polymorphic DNA (RAPD) markers can be combined 
with allozyme markers to further map the genome of L. 
edodes^ (Bowden & Royse, 1991). This statement may 
inspire some scientists to develop more molecular 
genetic markers, such as the RFLPs and PCR based 
markers. 
2.3.4 MOLECULAR MARKERS 
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2-3.4.1 RESTRICTION FRAGMENT LENGTH POLYMORPHISMS 
(RFLPS) 
Restriction Fragment Length Polymorphisms (RFLPs) 
was developed in 1980 (Botstein et al. , 1980) . By 
definition, RFLP represents the variation in the length 
of restriction fragments of DNA due to insertion or 
deletion of restriction sites or intervening sequences,, 
of rearrangements that affect the length of sequence 
between two restriction enzymes cutting sites. This 
method is used extensively in genetic studies of humans, 
plants and even a limited number of fungi (Castle et 
a l . , 1987; Hintz et al./ 1989; Hibbett & Vilgalys, 1991/ 
K o h n , 1992)• RFLP markers are among the commonly used 
DNA markers in mushroom studies and can be used as 
genetic markers for construction of genetic linkage map 
(Raeder & Broda, 1986). Unlike biochemical markers, 
RFLP markers truly reveal the DNA sequence variations 
which are stable and cannot be affected by environmental 
of physiological changes. 
Recently, RFLP was used for typing of various L. 
edodes strains (Kulkarni, 1991)• In practice, a genomic 
library of a chosen L . edodes strain was constructed. 
Then recombinant clones containing low-copy DNA 
sequences were selected for DNA-DNA hybridization. Each 
strain showed typical hybridization patterns termed DNA 
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fingerprints that were different among the tested 
strains.• So the fingerprints can be used to distinguish 
different strains and also they always reflect the 
genetic variations among the strains. 
RFLP has been widely used in various fields of 
genetic analysis, such as strain identification and 
genetic mapping in mushroom studies (Hintz et al • , 1 9 8 9 ; , 
Kulkarni, 1991; Castle et al • , 1987) . However, the 
. p r o b l e m s associated with RFLP should be considered 
丨、 
before handling this technique. The most important 
problem is the need to handle high dosage of radioactive 
isotopes which is a health hazard. Besides, screening 
of informative recombinant clones from the genomic 
library is time consuming and labor intensive, and a 
large amount of purified DNA is required. Overcoming 
these drawbacks, other molecular markers, PCR based 
markers, are preferred for genome analysis. 
2.3.4.2 PCR BASED MARKERS 
For genomic fingerprinting, two PCR based markers 
are available 1) Random Amplified Polymorphic DNA 
markers (RAPDs) and 2) polymorphic markers generated 
from Arbitrarily Primed Polymerase Chain Reaction (AP-
PCR) • These two methods are based on a modified form of 
the polymerase chain reaction (PCR) which was first 
Page 21 
r e p o r t e d in 1985 (Saiki et al., 1985; 1988) . Even 
t h o u g h PGR w a s developed only recently, it proceeds at 
an u n p r e c e d e n t e d rate (Mullis, 1990; Erlich et al •, 
1991,• A r n h e i m et al., 1990; Bej et al. , 1991). PGR has 
b e c o m e a standard tool in molecular research (Gibbs, 
1990; G u y e r & K o s h l a n d , 1989). Unlike R F L P , PGR 
r e q u i r e s only a tiny amount of DNA and also it may not 
r e q u i r e radioactive isotopes to detect the m a r k e r s , 
(Innis et al., 1990). 
RAPD was first developed in 1990 (Williams et al., 
1 9 9 0 ) , this method based on the amplification of genomic 
D N A with single primers of arbitrary nucleotide 
s e q u e n c e . These primers detect polymorphisms in the 
p r e s e n c e or absence of specific nucleotide sequence 
information and the polymorphisms function as genetic 
m a r k e r s (Carlson et al‘� 1991; Echt et al., 1992; Hunt & 
P a g e , 1992)• Furthermore, these markers were proved to 
be u s e f u l to construct genetic m a p s . The rationale of 
RAPD p r o c e d u r e is that the distribution of the annealing 
sites of the selected arbitrary primers is different 
among individuals. Therefore, the amplified products 
are specific to each individual arid the polymorphisms 
can be used as genetic markers as the restriction 
fragment length polymorphisms (RFLPs) (Anderson, 1992) • • 
Genome analysis of Agaricus bisporus is now being 
carried out to generate the first genetic linkage map of 
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this mushroom (Kerrigan et al., 1993) . The second type 
of PGR based markers, polymorphic markers generated from 
Arbitrarily Primed Polymerase Chain Reaction (AP-PCR) 
has a rationale similar to RAPD. One of the advantages 
of using AP-PCR is that any primer in the laboratory can 
be used for amplification and there is no restriction on 
the primer length. Other details on PGR and AP-PCR 
methods will be suminarized in the next two sections. , 
In summary, three different kinds of genetic 
markers have been discussed. They are 1) auxotrophic 
markers, 2) biochemical markers and 3) molecular 
markers. All these markers are valuable to genome 
analysis of shiitake mushroom. The numbers of the 
auxotrophic and biochemical markers are very inadequate 
for genetic mapping. Recently, the development of 
molecular technology has given us other possibilities, 
the DNA based markers. These markers are not only 
available in large number but also stable and easily 
detectable. Hence, the insufficient number of markers 
•no longer hinder the genetic characterization of the 
mushroom. 
2.4 POLYMERASE CHAIN REACTION (PGR) 
2.4.1 THE PRINCIPLE OF PGR 
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P o l y m e r a s e Chain Reaction (PCR) is an In vitro 
m e t h o d for amplifying selected nucleic acids (DNA or 
RNA) sequences (Bej et al. , 1991; O s t e , 1988) . By 
e x p o n e n t i a l l y amplifying a target sequence, PCR 
s i g n i f i c a n t l y enhances the probability of detecting 
t a r g e t g e n e sequences in complex mixtures of D N A . It 
p r o v i d e s a r a p i d , highly sensitive, and specific m e a n s 
of n u c l e i c acids detection and isolation. The PCI^ 
t e c h n i q u e uses two oligonucleotide primers that 
c o m p l e m e n t opposite ends of each strand of a target 
s e q u e n c e , and are oriented in such a way that DNA 
s y n t h e s i s proceeds across the region of interest between 
t h e p r i m e r s , A standard reaction mixture contains the 
sample DNA (template DNA), thermostable Tag DNA 
p o l y m e r a s e , and four deoxynucleotide triphosphates 
(dNTPs) in a buffered solution. The template DNA is 
first denatured by h e a t i n g . Then the reaction m i x t u r e is 
cooled to a ^temperature that allows the primers to 
a n n e a l to the target D N A , and extended by the Tag DNA 
p o l y m e r a s e . The resulting extension p r o d u c t s are 
complementary and capable of annealing with the two 
oligonucleotide primers again. Through repeated cycles 
of h e a t denaturation of the DNA, annealing of the 
primers to their complementary sequences, and extension 
of annealed primers, an exponential accumulation of the 
specific target fragment is achieved (Fig 3)• 
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P C R w a s originally performed using the Klenow 
-fragment as the DNA polymerase, and thermocycling was 
a c c o m p l i s h e d by transferring reaction tubes between a 
series of t h e r m a l blocks set at different temperatures 
(Saiki et a l . , 1985) . The procedure required adding of 
new enzyme after each cycle, and significant 
m a n i p u l a t i o n of reaction tubes. PCR w a s improved 
t h r o u g h the use of thermostable Taq DNA polymerase and 
a u t o m a t e d instrumentation for thermal cycling (Saiki et 
a l . , 1988) . These advances eliminated the need to add 
fresh enzyme after each cycle, as well as the need for 
m a n u a l transfer of t u b e s . PCR has become a standard 
t o o l in molecular biology research, and it ha s an impact 
similar to that of the cloning, restriction e n z y m e s , and 
t h e Southern blot (Erlich et al., 1991). 
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FIGURE 3. 
A schematic diagram shows the Polymerase Chain Reaction 
(PGR)• 
original DNA DNA + primers + dNTPs 
PGR primer — ‘ -h DNA polymerase 
new DNA •.•••••••••." 
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2.4.2 A P P L I C A T I O N ^ OF PCR ON MUSHROOM STUDIES 
Application戶 of PCR to fungal studies have been 
u s e d to a m p l i f y and directly sequence of specific DNA 
f r a g m e n t s for p h y l o g e n e t i c or parentage a n a l y s e s , and 
s t r a i n i d e n t i f i c a t i o n . For instance, amplification and 
d i r e c t s e q u e n c i n g of ribosomal RNA genes (rDNA) has been, 
e x t e n s i v e l y used for phylogenetic analysis and strain 
‘id e n t i f i c a t i o n (White et a l . , 1990; Bruns et a l . , 1990; 
H i b b e t t & V i l g a l y s , 1991). Variations in ri b o s o m a l RNA 
g e n e s are used as markers because these genes contain 
b o t h h i g h l y conserved and variable r e g i o n s . In 
a d d i t i o n , only nanogram quantities of DNA from each 
isolate are r e q u i r e d . Analysis of g e n e t i c d i s t a n c e from 
t h e sequence data can be performed e a s i l y . T h e results 
can b e used to construct a phylogenetic m a p among the 
i s o l a t e s . PCR fingerprinting of r i b o s o m a l R N A genes 
(Riboprinting) is an extremely rapid m e t h o d for 
g e n e r a t i n g sequence information and it has been used in 
s y s t e m a t i c studies of several groups of fungi including 
m u s h r o o m s (Bruns et al., 1990; Hibbett & V i l g a l y s , 1991; 
Roger et al., 1988; White et al., 1990). 




2.5.1 THE PRINCIPLE OF AP-PCR 
Arbitrarily Primed Polymerase Chain Reaction (AP-
PCR) is a novel technique which was developed for 
genetic mapping and genomic fingerprinting (Welsh and 
McClelland, 1990, 1991； Welsh et al., 1990, 1991； 
Williams et al., 1990; J . Welsh, personal 
communication)• The AP~PCR procedure is similar to • 
conventional PGR but with several important 
modifications : 1) arbitrary oligonucleotide primers are 
used; 2) the sequence information of the organism are 
not required; 3) two additional low-stringency cycles 
are incorporated before a standard high stringency PGR 
c y c l e s . The annealing temperature of the low-stringency 
cycles is a key component of this technique. 
The rationale for the AP-PCR technique is that 
there should be some annealing sites for the arbitrary 
primers within the genome. The annealing process is 
facilitated by the relaxed stringency of AP-PCR during 
the first two cycles. The distribution of these 
annealing sites is unique for each individual. 
Individual specific DNA fragments are amplified when the 
annealing sites are not separated far away (usually 1-2 
kb), and the primers are in proper orientation. 
Denaturation of DNA, annealing of the oligonucleotide 
primers and extension of primers cause exponential 
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i n c r e a s e of some specific DNA f r a g m e n t s . A m o n g the 
a m p l i f i e d p r o d u c t s there may be individual specific 
f r a g m e n t s t h a t appear on the gel as p o l y m o r p h i c b a n d s . 
T h e p r o d u c t s can be resolved by gel e l e c t r o p h o r e s i s and 
u s u a l l y m u l t i b a n d e d "fingerprints" can be o b t a i n e d . AP-
P C R p r o d u c t s t h a t are shared between only some 
i n d i v i d u a l s are regarded as polymorphic m a r k e r s . These 
p o l y m o r p h i s m r e s u l t s from either insertions or d e l e t i o n s , 
in t h e a m p l i f i e d regions or base changes that alter the 
p r i m e r b i n d i n g site (Welsh & M c C l e l l a n d , 1990; W i l l i a m s 
e t al., 1 9 9 0 ) . 
P o l y m o r p h i s m s detected by AP-PCR are inherited in a 
M e n d e l i a n f a s h i o n , thus they can be used for genetic 
m a p p i n g (Welsh and M c C l e l l a n d , 1990)• R e c e n t l y , this 
t e c h n i q u e h a s been used to detect p o l y m o r p h i s m s in 
v a r i o u s p l a n t s , a n i m a l s , and bacteria (Cancilla et al., 
1992; Fekete et a l . ^ 1992; Haleard et a l 1 9 9 2 ; Kaemmer 
e t a l . , 1992; Peinado et al •, 1992; S e l l s t e d t , 1993; 
W e i n i n g & L a n g r i d g e , 1991,- Welsh et a i . , 1990, 1991, 
1992; W e l s h and McClelland 1990, 1991; W e s l e y et al., 
1990)• A p a r t from genetic m a p p i n g , A P - P C R p r o d u c e s a 
p a t t e r n of amplification products that can be used for 
other p u r p o s e s , such a s , strain t y p i n g , e c o l o g y , 
epidemiology and phylogenetic a n a l y s i s . 
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In summary, AP-PCR is simple, rapid, sensitive, and 
can be used without radioactive isotopes. In addition, 
this method have several advantages for detecting 
polymorphism: 1) any primer can be used and applied to a 
wide range of species; 2) no extensive preparations are 
required, such as isolation of cloned DNA probes, 
Southern blots, or nucleotide sequencing, and 3) do not 
require any DNA sequence information of the organism to. 
be analysed. Moreover, polymorphic markers inherited in 
a Mendelian fashion is useful for genetic mapping. 
2.5.2 APPLICATIONS OF AP-PCR ON MUSHROOM STUDIES 
Applications of AP-PCR to mushroom studies have 
been used to amplify the genomic DNA for various 
purposes, such as, strain typing and characterization of 
protoplasts. In 1992, the first report of using AP-PCR 
on mushroom studies was published. Kwan and his co-
workers used this method to differentiate various 
strains of L . edodes (Kwan et al. , 1992) . In that 
experiment, fifteen L . edodes strains were collected 
from different sources and genetic variations among them 
were detected by AP-PCR method. The results indicated 
that each of the fifteen strains showed individual 
specific DNA fingerprints.- According to the DNA 
fingerprints, strains could be differentiated. 
Comparing the results with isozyme and RFLP analyses, 
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this method gives similar interpretation but it requires 
less time and starting material. This method has been 
proved to be useful for strain typing of the edible 
mushroom. 
The second application is the characterization of 
putative protoplast fusion products. Protoplast fusion 
products are usually identified by either morphological^ 
or biochemical markers. However, identification of the 
’protoplast fusion products by AP-PCR was first described 
by Chiu et al, (1992). Fusion products of Volvariella 
bombycina and Volvariella volvacea were tested. The 
results indicated that the fusion products have a 
profile containing part of the DNA fingerprints from 
each parent. The AP-PCR profiles revealed the genetic 
information of the putative products (Chiu et al., 
1992). 
The third application is to characterize 
dedikaryotization (monokaryotization) products. One of 
the aims of this thesis is to understand the genetic 
compositions of two parental monokaryons from a 
dikaryon. In this thesis, the relationship between the 
parental monokaryons and the dikaryon of L. edodes 
strain will be demonstrated by AP-PCR. Last but not the 
least, AP-PCR polymorphisms can be used as genetic 
markers for breeding and genetic mapping. 
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2.6 GENETIC LINKAGE ANALYSIS 
2.6.1 OVERVIEW 
Analysis of the arrangement of the genetic markers 
on a genome is called linkage mapping. A linkage map, 
permits investigators to ascertain one genetic locus 
relative to another on the basis of how often they are 
inherited together. During the last decade, the 
development of recombinant DNA technology brought about 
a tremendously useful new ways to identify a large 
number of genetic markers. With the help of these 
methods, linkage analyses of many economically important 
crops have been carried out, such as, wheat, barley, 
maize and citrus (Anderson et al. , 1992; Helentjaris et 
a l . , 1986; Jarrell et al, , 1992). However, the linkage 
analysis of commercial edible mushroom is very rare. 
As mentioned above, linkage map represents the 
relative distance between two genetic markers. Once the 
map is constructed, the inheritance patterns of some 
important traits can be easily deduced. As described by 
Horgen and Kerrigan (1992), the information provided 
from a genetic map for edible mushrooms include: 
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1. The overall structure of the nuclear genome can be 
deduced, that is, the size and complexity of this 
mushroom genome can be determined. 
2 . The number of linkage groups and number of 
chromosomes for the mushroom can also be determined. 
3 . The segregation pattern of some specific genetic 
markers during meiosis can be observed and deduced. 
4. Some agronomic phenotypes of the offspring can be 
associated with the inheritance of specific genetic 
markers or unique chromosomal regions. This is 
important for the mushroom strains industry 
especially the mushroom breeders because they can 
maintain mushroom strains with better quality. 
According to Horgen's idea, I believe that the 
construction of a genetic linkage map for L• edodes 
is not only valuable academically but also 
practically. 
By definition, two loci are linked if it can be 
observe that non-independent segregation of DNA segments 
occurs at these loci. Only the segregation of genetic 
markers through parent to offspring transmission is 
informative for linkage analysis. Unrelated individuals 
cannot give information on linkage. In this study, we 
Page 33 
use 18 F1 progenies from a parental dikaryon (L40) for 
linkage analysis. However, genetic linkage between two 
or more observable traits can be established with 
greater certainty in large populations. For this 
reason, large families, that is, more single spore 
isolates (SSIs) are preferred for mapping studies. 
Many methods for testing linkage have been 
proposed. The most simple and natural one is to count 
tecombinants and non-recombinants among the progenies 
but this method requires large sample size to be 
accurate. A small population size always generates 
unreliable data due to sampling errors. Other approach 
called the likelihood method is much efficient. This 
approach and its statistic properties were introduced by 
Fisher (1936). Most of.the current genetic analyses in 
human genetics are based on this calculation method. In 
1955, another approach the lod score method was proposed 
by M o r t o n . This method streamlines the application of 
an exact maximum likelihood in the sense that the 
likelihood of linkage is compared to the likelihood of 
non-linkage. The test is based on a sequential 
procedure (Morton, 1955)• The approach is used 
throughout this research and the detail is described in 
the next section. 
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2.6.2 T H E LOD SCORE METHOD 
T h e lod score is the logarithm (to the base 10) of 
t h e r a t i o of likelihoods (L) calculated from the p r o g e n y 
data u n d e r two models: One model assumes linkage at 
d i f f e r e n t v a l u e s of 0 (L(0)), the other m o d e l assumes no 
l i n k a g e , t h a t is 0 = 50% or L(l/2) . in order to 
c a l c u l a t e t h e lod score: For Z(0) = the lod score at' 
s o m e s p e c i f i e d value of 0, L = likelihood (the 
p r o b a b i l i t y with which given p h e n o t y p e s or g e n o t y p e s 
o c c u r ) , and 0 = r e c o m b i n a n t fraction, Z (9) = logio [ L( 
G) / L ( 1 / 2 ) ] . Under the linkage m o d e l , each progeny 
c o n t r i b u t e s a term to the l i k e l i h o o d , 0 for 
r e c o m b i n a n t s , (1-9) for non r e c o m b i n a n t s . For the no 
linkage m o d e l , the likelihood equals ( 1 / 2 )打 w h e r e n 
e q u a l s the n u m b e r of p r o g e n y . 
T h e lod score is calculated at incremental values 
of e. T h e maximum value of the lod score Ujnax), called 
a m a x i m u m of likelihood estimate (MLE), can be 
interpolated from the result and is used to judge the 
data support for linkage (lod score > 3.0 is proof of 
linkage) . The recombination fraction associated 
w i t h the maximum lod score is accepted as the best 
e s t i m a t e of the recombination between the m a r k e r s 
(Chakravarti et al., 1991). 
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To conclude, it is a direct evidence to ascertain 
two markers are linked if lod score is greater than 
3.00. This conclusion is also statistically 
significance. The map distance between two markers is 
estimated from the recombination frequency (0) . In this 
thesis, lod score less than 3.00 is considered as 
borderline case and demand further evidence to support 
the linkage. • 
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3 MATERIALS AND METHODS 
3.1 MUSHROOM STRAINS AND CULTURE MEDIA 
The strains used in this study are listed in Table 
1 and the .stock culture of these strains were all kept 
on PDY agar slant and maintained at room temperature. 
The following media were used : 
1) PDY liquid medium : 24.0 g of potato dextrose broth 
(Difco), 2.0 g of yeast extract (Difco), and distilled 
water was added to 1 liter. 
2) PDY agar medium : Same as PDY liquid medium with 15 g 
of bacto agar (Difco)• 
3.2 CULTURE METHOD 
The strains were cultivated on PDY agar medium at 
28^C for 3-4 weeks in darkness. Then an agar block with 
mycelium was removed and transferred into 250 ml E-flask 
with 50 ml PDY broth medium. These flasks were 
incubated at 28°C for 1-2 months in darkness without 
shaking. The culture was harvested by filtrating 
through a Whatman No. 1 filter paper and washed with 




• Acrylamide Solution (20%) : 20 gram of acrylamide and 
1 gram of piperazine diacrylamide were mixed, 
diluted with wat^r to 100 ml and stored at 
• EDTA, 0.5 M (pH 8.0): 186.1 gram of Na2EDTA.2H20 was 
dissolved in 650 ml H2O and pH was adjusted to 8.0 
with about 20 gram of sodium hydroxide pellets. 
Water was added to make 1 liter. , 
• Lysis Buffer was 0.05 M EDTA, 0.05 M Tris-HCl (pH 
7.2), 3% SDS and 1% 2-inercaptoethanol in double 
distilled water. 
• Sodium Acetate, 3M (pH 5.2) : 408 gram of sodium 
acetate. 3H2O was dissolved in 800 ml H2O and the pH 
was adjusted to 5.2 with glacial acetic acid. Water 
was added to 1 liter. 
• TBE buffer (lOX) : 108 gram Tris base, 55 gram boric 
acid and 40 ml 0.5 M EDTA (pH 8.0) were dissolved in 
water to 1 liter. 
• TE buffer (pH 8.0) was 10 mM Tris base and 0.1 mM 
EDTA in double distilled water, pH was adjusted to 
8.0 with concentrated HCl. 
j 
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• Tris-HCl, 1 M (pH 7.2) : 121 gram of Tris base was 
dissolved in 800 ml H2O and pH was adjusted to 7.2 
with concentrated HCl. Water was added to 1 liter. 
3.4 PRIMERS 
six oligonucleotide primers were custom-synthesized 
by Operon Technologies Inc. (Alameda, CA) • For AP-PCR^ 
u s e s , these primers were first dissolved in double 
distilled water to make 40 |.iM stock solution. The 
primers were selected randomly (in single or in 
pairwise) and used to generate DNA fingerprints. The 
primers used were: 
M13 Sequencing primer (-47) [ M S ] : 
5' CGCCAGGGTTTTCCCAGTCACGAC, 2 4 mer, GC content = 63% • 
M13 Reverse sequencing primer (-48) [ M R ] : 
5' AGCGGATAACAATTTCACACAGGA, 24 mer, GC content = 42% 
EcoRI-EXT primer [ E E ] : 
5' TAGGCGTATCACGAGGCCCT, 20 mer, GC content = 60% 
GalK-54 primer [ G K ] : 
5* TACGGTGGCGGAGCGCAGCA, 20 mer, GC content = 70% 
Del~C23 primer [ D C ] : 
5' GTAAAACGACGGCCAGTGCCAAG, 23 mer, GC content = 57% 
ArcA-cds primer [ A A ] : 
j ‘ 
TCGTCTTCAACGATAAGAATGTGCGGGGTC, 30 mer, GC content = 
50% • 
% 
• Page 39 
A l l of these primers were designed for other 
purposes and chosen arbitrarily for AP-PCR experiments. 
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TABLE 1. 
Lentinula edodes strains used in this s t u d y . L40 r e f e r s 
t o t h e Iparental dikaryotic strain and the m o n o k a r y o t i c 
s i n g l e s p o r e isolates are denoted as L40-1 to L 4 0 - 2 2 . 
L 4 0 ~ G G 1 to L40-GG16 represents the m o n o k a r y o t i c and 
d i k a r y o t i c strains collected after d e d i k a r y o t i z a t i o n 
p r o c e s s . 
S t r a i n s Source C h a r a c t e r s . 
L40 "Prof. S , T . Chang (CUHK) Dikaryon 
L 4 0 - " P r o f . S . T , Chang (CUHK) M o n o k a r y o n 
L 4 0 - 2 = "Prof. S . T . Chang (CUHK) “ MonokaryorT" 
L4 0 - 3 : "Prof. S. T . Chang (CUHK) “ Mon o k a r y o n 
L 4 0 - 4 : "Prof. S . T . Chang (CUHK) “ M o n o k a r y o n " 
L 4 0 - 6 = "Prof. S . T . Chang (CUHK) M o n o k a r y o n 
—L40-7: T r o f . S . T . Chang (CUHK) M o n o k a r y o n 
L 4 0 _ 9〜 P r o f . S . T . Chang (CUHK) M o n o k a r y o n 
一 L 4 0 - l O : "prof. S . T . Chang (CUHK) M o n o k a r y o n 
L40賺12= "Prof. S . T . Chang (CUHK) M o n o k a r y o n 
L 4 0 ~ 1 3 ^ T r o f . S . T . Chang (CUHK) “ M o n o k a r y o n " 
L 4 0 - 1 4 : "Prof. S. T . Chang (CUHK) “ M o n o k a r y o n ~ 
L 4 0 ~ 1 5 : "Prof. S . T . Chang (CUHK) M o n o k a r y o n 
L 4 0 - 1 6 = "Prof. S. T. Chang (CUHK) M o n o k a r y o n 
P r o f . S . T . Chang (CUHK) MonokaryoiT" 
"L40-18^ P r o f . S, T . Chang (CUHK) MonokaryorT" 
"l40-19: P r o f , S . T . Chang (CUHK) M o n o k a r y o n " 
"14 0-2 0 : "Prof. S. T . Chang (CUHK) M o n o k a r y o n 
1 4 0 - 2 2 ^ "prof. S . T . Chang (CUHK) M o n o k a r y o n 
"L40-GG1^ D r . S . W . Chiu (CUHK) "Monokaryon 
"L40~GG2^ 一 D r . S‘ W . Chiu (CUHK) M o n o k a r y o n 
L 4 0 - G G 3 ^ D r . S . W . Chiu (CUHK) "Monokaryon 
"L40--GG4^ "Dr. S . W、 C h i u (CUHK) — M o n o k a r y o n 
"L40"GG5^ D r . S . W , Chiu (CUHK) "Dikaryon 
"L40~GG7^ "Pr, S . W . Chiu (CUHK) — M o n o k a r y o n 
"L40-GG8^ — D r . S. W . Chiu (CUHK) M o n o k a r y o n 
L 4 0 ~ G G 1 4 ^ D r . S. W . Chiu (CUHK) M o n o k a r y o n " 
L 4 0 " G G 1 6 ^ I D r . S . W . Chiu (CUHK) 丨Dikaryon 
a L40 - 1 to L40-22 were post-meiotic p r o d u c t s which were 
informative for linkage analysis. 
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b L4 0-GG1 to L40-GG14 are premeiotic products which were 
not used for linkage analysis. The use of these 
monokaryotic strains was to identify the parental 
monokaryotic genotypes. 
V I 
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3.5 ISOLATION OF DNA FROM Lentinula edodes 
3.5.1 MINI-PREPARATION OF FUNGAL DNA FROM L. edodes FOR 
PGR AMPLIFICATION 
Total DNA for polymerase chain reaction (PGR) was 
isolated by using a fungal DNA minipreparation method 
described by Lee and Taylor (1990)• Approximately 300 mg 
of fresh mycelial tissue obtained from a broth culture 
w a s frozen in liquid nitrogen and the sample was 
transferred into a pre-chilled mortar and then ground 
with a pestle. The resulting powder was then 
transferred to a 1.5 ml disposable eppendorf 
microcentrifuge tube containing 400 jil of lysis buffer 
(50 mM Tris-HCl, pH 7.2, 50 mM EDTA, 3% SDS and 1% 2 — 
mercaptoethanol). Samples were then mixed and incubated 
for 1 hour at 65^0. After the samples were extracted 
with equal volumes of phenol-chloroform twice, aqueous 
phase was transferred to a new eppendorf microcentrifuge 
tube. Ten microliters of 3 M sodium acetate (pH 5.2) was 
then added to the solution and the nucleic acids were 
precipitated with 0.54 volume of isopropanol. Samples 
were then centrifuged at 13,500xg and A^C. Precipitated 
nucleic acids were washed with ice cooled 70% ethanol, 
vacuum dried and resuspended in 100 f.il TE (10 mM Tris-
HCl [pH 8.0] ^  and 0.1 mM EDTA) . This nucleic acids 
solution was incubated at 37°C for 1 hour with 1 of 
Page 43 
R N a s e A (10 m g / m l ) , extracted with equal volume of 
p h e n o l / c h l o r o f o r m m i x t u r e , and precipitated with 0.1 
v o l u m e of 3 M sodium acetate (pH 5.2) and 0.54 volume of 
i s o p r o p a n o l . The resulting DNA was resuspended in 
100 \il of TE (pH 8.0) , and finally 5 [il sample w a s 
e lectrophoresed in a 0.7% agarose gel to estimate its 
c o n c e n t r a t i o n and examine its integrity. The remaining 
DNA solution w a s stored at until u s e . • 
‘3.5.2 CESIUM CHLORIDE METHOD： MINI-PREPARATION OF FUNGAL 
DNA FOR PCR AMPLIFICATION 
Approximately 300 ing of fresh mycelium from a 
liquid culture was freeze-dried by liquid nitrogen and 
g r o u n d by using a precooled mortar and p e s t l e . The 
p o w d e r was then transferred to a eppendorf 
m i c r o c e n t r i f u g e tube with 400)11 lysis buffer (50 mM 
T r i s - H C l , pH 7.2, 50 inM EDTA, 3% SDS and 1% 2 — 
mercaptoethanol) and mixed with a pipette t i p . The 
samples w e r e incubated at 65^0 for 1 h o u r , the tubes 
w e r e inverted occasionally to ensure complete lysis. 
T h e samples were then extracted with equal volumes of 
c h o l o f o r m . After the tubes were centrifuged at 13,500xg 
f o r 15 m i n u t e s , the aqueous phases were transferred to 
new 1.5 m l eppendorf tubes and nucleic acids were 
precipitated with 0.1 volume of 3 M sodium acetate (pH 
5.2) and 1 volume isopropanol in the same t u b e . The 
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r e s u l t i n g n u c l e i c acids were washed with ice-cooled 70% 
e t h a n o l , a i r - d r i e d , and resuspended in 100 |n TE (10 mM 
T r i s - H C l , pH 8 . 0 , and 0.1 mM EDTA) . One h u n d r e d 
m i l l i g r a m of cesium chloride was then added to each 
s a m p l e , m i x e d , and centrifuged at 13,500xg for 20 
m i n u t e s . A f t e r the supernatant solution was transferred 
t o a n o t h e r new 1.5 ml、 eppendorf t u b e , the g e n o m i c 
. n u c l e i c a c i d s w e r e precipitated with 3 v o l u m e s of T E (pH . 
8.0) and 1 v o l u m e of isopropanol. The nucleic acids 
weire t h e n suspended in 100 of TE (pH 8 . 0 ) , incubated 
a t 37OC for 1 hour with 1 |il of RNase A (10 m g / m l ) , 
e x t r a c t e d w i t h p h e n o l / c h l o r o f o r m , and p r e c i p i t a t e d with 
• •1 v o l u m e of 3 M sodium acetate and 1 v o l u m e of 
i s o p r o p a n o l . The resulting DNA was resuspended in 
100 of TE (pH 8.0) , and 5 |il sample was 
e l e c t r o p h o r e s e d in a 0.7% agarose gel to e s t i m a t e its 
c o n c e n t r a t i o n and examine its integrity. 
3.6 Q U A N T I T A T I V E MEASUREMENTS OF DNA 
T h e DNA extracted from mycelium was q u a n t i f i e d by 
s p e c t r o p h o t o m e t r y or agarose gel e l e c t r o p h o r e s i s . 
A b s o r b a n c e of DNA was measured with SPECTRONIC 601 
(Milton Roy) at 260nin. One absorbance u n i t with a l-cm 
light p a t h represented 50 |_ig DNA/ml of solution 
(Maniatis et al., 1989). For agarose gel 
e l e c t r o p h o r e s i s , 0.7% agarose gel was u s e d . Portions of 
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3-5 III of purified DNA samples with 2 \il loading buffer 
were mixed and loaded into the wells. The DNA Was 
electrophoresed at 2-10 V/cm until the bromophenol blue 
dye front reached about two-third of the gel length. 
DNA bands were stained with ethidium bromide and 
visualized with UV transillumination. The quantities of 
DNA samples were estimated by comparing with known 
amounts of the molecular weight standards. * 
3.7 ARBITRARILY PRIMED POLYMERASE CHAIN REACTION (AP-
PCR) FOR THE AMPLIFICATION OF GENOMIC DNA OF L . edodes 
The condition described by Welsh and McClelland 
(personal communication) for creating polymorphic 
markers by AP-PCR were adopted for use with fungal 
template DNA. Amplification was generally done in a 
total volume of 50 |il with 50-250 rig of template DNA, 2 
mM additional M g C l 2 , 2 |LIM of arbitrarily chosen primer, 
2.5 units of Ampli-Tag DNA polymerase (Perkin-
Elmer/Cetus) in IX Cetus reaction buffer (10 mM Tris-
H C l , pH 8.3, 50 mM KCl ,1.5 mM MgCl: and 0.01% glycerol) 
containing 0.2 mM of each of dATP, dCTP, dGTP and dTTP 
(Perkin-Elmer/Cetus)• The reaction mixture was then 
overlaid with two drops of mineral oil (Sigma)• Then 
the samples were amplified in a COY tempcycler or Perkin 
Eliner/Cetus 480 thermocycler for two cycles of low 
stringency through the following temperature profile: 
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, • I 
9 4 0 c for 5 m i n u t e s to denature D N A , 35OC for 5 m i n u t e s 
for low s t r i n g e n c y annealing of primers and 72^C for 5 
m i n u t e s for extension of the p r i m e r s . This t e m p e r a t u r e 
t)rofile w a s then followed by 35-40 high stringency 
c y c l e s : 940c for 1 m i n u t e , SS^C for 1 m i n u t e and 72^0 
for 2 m i n u t e s . The final elongation step w a s extended 
t o 10 m i n u t e s • A f t e r amplification, the samples w e r e 
s t o r e d a t 4^0 before electrophoresis or w e r e p l a c e d a t 
- 2 0 O c if prolonged storage is n e c e s s a r y . In some 
e x p e r i m e n t s , the reaction volumes w e r e scaled up to 
100 III. 
3.8 A N A L Y S I S OF DNA SAMPLES WITH A G A R O S E GEL 
E L E C T R O P H O R E S I S 
DNA samples were usually separated in a g a r o s e gels 
by e l e c t r o p h o r e s i s . A g a r o s e was p r e p a r e d a c c o r d i n g to 
the manufacturers丨 instructions (BioRad, CA and FMC 
B i o P r o d u c t s , M E ) . In g e n e r a l , 0.7% (w/v) a g a r o s e gel was 
p r e p a r e d for the separation of DNA fragments of 0.8 to 
25 k b , 1.4% (w/v) gel for the separation of DNA 
f r a g m e n t s of 0.2 to 6 k b and 3% to 4% (2%-3% N u S e i v e 
a g a r o s e p l u s 1% SeaKem agarose) for the a n a l y s i s of 0.1 
to 2 k b DNA f r a g m e n t s . Buffer used for gel p r e p a r a t i o n 
and electrophoresis was IX TBE buffer (Maniatis et al., 
1 9 8 9 ) . 
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For electrophoresis, two |il of loading buffer was 
added to each 5 \xl sample, pipetted into the preformed 
wells of the agarose gel. Electrophoresis was carried 
out at 2 to 10 V/cm of gel. Migration of the tracking 
dyes was an indicator of the separation process and the 
electrophoresis was usually stopped when the first dye 
front reached to the end of the agarose gel. After 
electrophoresis analysis, the gel was stained with . 
• •5 ^ig/ml ethidium bromide for 1 hour and destained in 
• water or 1 M magnesium chloride solution for 30 minutes. 
The stained agarose gel was then visualized with a UV 
transilluminator, stained DNA emits orange red 
fluorescent light upon UV irradiation. Then, the 
agarose gel was photographed with Polaroid M4 camera 
with Polaroid 667 films (ASA3000). 
3.9 ANALYSIS OF DNA, SAMPLES WITH POLYACRYLAMIDE GEL 
ELECTROPHORESIS 
DNA samples were also analyzed with non denaturing 
polyacrylamide gel electrophoresis. DNA fragments were 
detected by using silver staining method (BioRad, CA) • 
DNA amplification fragments were separated by 
polyacrylamide gel electrophoresis using a Mini-Protean 
II cell (BioRad, CA) . DNA fragments were separated in 
either 0,5 mm or 1.0 mm thick slab gels of 5%—8% 
acrylamide (BioRad, CA)• The ratio of acrylamide to the 
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crosslinker piperazine diacrylamide (BioRad, CA) was 
20:1. Gels and running buffer were prepared in IX TBE 
buffer (Maniatis et ai.> 1989). For a 0.5 mm thick slab 
g e l , 4 m l acrylamide mix was used. For a 5% slab gel, 
1.0 ml 20% acrylamide stock solution, 0.4 ml lOX TBE 
buffer and 2.6 ml double distilled water were used. Ten 
mg of ammonium persulfate (APS) was then dissolved in 
the acrylamide mixture. After that 5 |il TEMED was addecj 
and the mixture was immediately dispensed into the 
- c a v i t y between the two glass plates. The gel was 
allowed to set for 30 minutes before use. Samples were 
loaded in 2 |il loading buffer. Usually 3-5|il of the 
amplification mixture was loaded. The DNA was 
electrophoresed at 60V until the bromophenol blue dye 
front reached the end of the slab gel. 
3.10 SILVER STAINING ‘ 
After electrophoresis, the non-denaturing 
polyacrylamide gels were first fixed with 40% methanol 
for 10 minutes, and then soaked with the oxidizing 
reagent for 5 minutes. The gel was washed twice with 
double distilled water, stained with the silver staining 
solution for 30 minutes, rinsed with double distilled 
water twice, and then developed with the developer 
solution. About 1 hours was needed to finish the 
staining procedure and image development was stopped 
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with 5% acetic acid. 、The stained gels were either 
photographed with 3 5inin SLR camera with B/W films (IFORD 
PAN F , ISO 50) or with Polaroid MP4 camera with Polaroid 
667 films (ASA3000) • The gels were supported with 
Whatman N o . 1 filter papers and dried under vacuum at 
60Oc using a gel drier (Bio-Rad, CA) for permanent 
r e c o r d s . 
3.11 SINGLE-STRANDED CONFORMATION POLYMORPHISM (SSCP) 
‘AN A L Y S I S OF POLYMORPHIC DNA FRAGMENTS 
ELUTION AND AMPLIFICATION OF DNA 
Identified AP-PCR polymorphic DNA fragments were 
excised from the agarose gel by using 2 00 fil autopipette 
tips. The agarose slices were placed into 0.5 ml 
eppendorf tubes with 100 |.il double distilled water. The 
tubes were then heated at 65^0 for 30 minutes. Five fil 
of the heated solution was taken out for amplification 
of the DNA fragment by PGR. 
Fifty in reaction mixtures were prepared with 1 
units of Tag polymerase, IX PGR buffer, 0.2 mM of each 
dNTP (Perkin Elmer/Cetus) and 2 |LIM corresponding printer 
(or primers) and 5 jil of eluted DNA solution. The 
reaction mixture was overlaid with mineral oil (Sigma) 
and cycled 40 times through the following temperature 
\ 
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profile: 940c for 30 second to denature, 59^0 for 30 
second for annealing of primer and for 1 minute for 
extension. After PCR, the samples were stored at 
3.11.2 PCR-SSCP 
The PCR products, diluted 1:5 in water, were 
denatured at 42®C for 5 minutes after the addition o f , 
1 |il of 0.5 M NaOH in 10 mM EDTA. Just before loading, 
1 |il of formamide containing 0.5% bromophenol blue and 
0.5% xylene cyanol was added. Single stranded DNA was 
separated by electrophoresis using 5-10% non-denaturing 
polyacrylamide gel, at 40C. Gels and running buffer 
• were prepared in 0. 5X TBE buffer (Maniatis et a l . , 
1989) . For a 5% slab gel, 1.0 ml 20% acrylamide stock 
solution, 0.2 ml lOX TBE buffer and 2.8 ml double 
distilled water was used. Then, 10 mg of ammonium 
persulfate (APS) was dissolved in the mixture. Five ill 
TEMED was added and the gel was immediately dispensed 
into the cavity between the glass plates. The gel was 
allowed to set for 30 minutes before, use. Fifteen to 
twenty |il of the denatured DNA samples were loaded. 
Electrophoresis was at 20-30V until the xylene cyanol 
dye front reached the end of the slab gel. 
The gels were stained with ethidium bromide 
(0*5 ng/ml) for 15 minutes and destained with distilled 
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water for 10 minutes. The gels were transferred to a UV 
transilluminator and photographed with Polaroid 667 
films (ASA3000). 
3.12 SEGREGATION AND LINKAGE ANALYSIS 
3.12.1 CHI-SQUARE TEST 
ft 
Chi-square values {%2) were calculated in order to 
confirm the expected 1:1 segregation pattern of the 
polymorphic bands among the progenies. 
1) To establish the hypothesis to be tested first (i.e. 
1:1 segregation ratio of the polymorphic bands among the 
progenies) 
2) The formula for chi-square is: 
= E (d2/e) 
(where E stands for "the sum of, “ d represents 
deviation, and e is expected value.) 
3) After the x^ value has been calculated as above, 
reference must be made to a table of chi-squares in 
order to obtain the corresponding probability value (p)• 
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4) A probability value (p) of greater than 0.05 
indicates the tested data fit the expected ratio and if 
the probability value (p) is less than 0.05, the data do 
not fit the expected ratio and also indicate a 
significant deviation from the expected ratio (1:1). 
3.12.2 THE LOD SCORE METHOD 
* 
Linkage of the AP-PCR markers was tested by LOD 
score m e t h o d . The LOD score was calculated as follow: 
1) Observed recombination (Go) was determined 
Go = number of recombinant progenies (n) / total 
number of progenies (t) 
(where Go = 0 < 0o < 1) 
2) Likelihood (L) of an observation is a function of the 
recombination fraction (9o) [where recombinant progenies 
= G o and non-recombinant progenies = (l-9o)] 
liOo) = (9o)n X (1-eo)t-n and, 
L(0.5) = (0.5)n x(0.5)t-n 
3) The lod score of the observation is defined as : 
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Z _ = log 10 [L(eo)/L(0.5)] 
4) If Z(eo) is greater than 3.00, the two markers are . 
linked. The observed recombination frequency (Go) is 
the estimated distance between the two markers. 
• ... 1 
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4 R E S U L T S 
4.1 DNA EXTRACTION 
T h e genomic DNA of L . edodes prepared by the method 
d e s c r i b e d by Lee and Taylor (1990) was shown in Figure 
4. DNA extraction from all samples produced visible一 
p r e c i p i t a t e s when isopropanol was added. Frequently the 
• p r e c i p i t a t e s w e r e very gelatinous, presumably from 
c a r b o h y d r a t e contamination, and strongly p i g m e n t e d . DNA 
extracted from fresh mycelium was over 3 0 k b in length 
b u t it appeared that the degradation of DNA was quite 
s e r i o u s . The quantities of DNA were about 10-45 rjg DNA 
p e r mg of fresh tissue. The qualities of the DNA 
samples are reflected by the absorbance ratio at 
O.D.260nin versus O.D.280nm. The absorbance ratios of 
m o s t samples were between 1.8 and 2.0. 
DNA prepared by the cesium chloride method (Yoon et 
a l ” 1991) was shown in Figure 5. The yield of DNA was 
about 8-22 r|g DNA per mg of fresh tissue which is lower 
than the yield of DNA by the extraction method of Lee 
and T a y l o r . However, the average molecular weight of 
purified DNA was over 30 kb and the degradation of 
purified DNA appeared less severe. The absorbance 
ratios of all samples except one were between the 
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acceptable range, 1.8-2.0. The merit of this method was 
that m o s t of the brown substances and carbohydrate 





Agarose gel electrophoresis of genomic DNA of L. edodes 
prepared by the method described by Lee and Taylor 
(1990) • Five [xl of DNA samples were loaded on a 0.8% 
g e l . The numbers on the right indicate the size (kbp: 
kilo base pairs) and the position of the molecular 
weight standards. 









Agarose gel electrophoresis of genomic DNA of L. edodes 
prepared by the cesium chloride method. Five |il of DNA 
samples were loaded on a 0.8% gel. The numbers on the 
right indicate the size (kbp: kilo base pair) and the 






4.2 AMPLIFIED FRAGMENTS AND FRAGMENT NUMBER 
Figure 6 is a typical gel photograph of AP-PCR 
amplification products of DNA isolated from L. edodes. 
The primers used were M13 sequencing primer (-47), [MS]； 
M13 reverse sequencing primer (-48), [MR]； EcoRI-EXT 
p r i m e r , [EE]； Del-C23 primer, [DC]； GalK-54 primer, [GK] 
and ArcA-cds primer [AA]• Most primers produced, 
multibanded "fingerprints" with discrete DNA fragments. 
No products were produced with primer [AA]. Moreover, 
primer [GK] consistently led to inefficient 
amplification. The remaining four primers generated 
clear DNA profiles with amplification products of about 
160-1000 base pairs. The largest number of bands 
produced in one reaction was twelve. All amplification 
reactions included three negative controls to ensure 
that the amplified bands were not PGR artifacts. These 
negative controls were AP-PCR reaction: 1) without L . 
edodes genomic DNA, 2) without primer and 3) without 
Ampli-rag DNA polymerase., 
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FIGURE 6. 
Effect of different arbitrary primers. AP-PCR 
amplification products of DNA isolated from L. edodes 
using six different primers [MS], [MR], [EE], [DC], [GK] 
and [AA] (lanes 1-6) . Lane 7 represents the 
amplification product without L . edodes genomic DNA. 
Lane 8 represents the amplification product without 
oligonucleotide primers. Lane 9 represents amplification 
product without Ampli-Tag polymerase. Lanes M represent 
the molecular weight standards (Gel Marker, Research 
Genetics, AL) . The numbers on the right indicate the 
size (bp: base pairs) and the position of the molecular 
weight standards. 
M 1 2 3 4 5 6 7 8 9 M 
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4.3 DEDIKARYOTIZATION DEMONSTRATION 
Figure 7 shows the genomic fingerprints obtained 
from AP-PCR with DNA from the dikaryon L4 0 and the 
strains produced from dedikaryotization process. On the 
basis of the morphological characteristics and mating 
type test, they were first classified into three groups. 
Lanes 1-3 represent dikaryons (heterokaryons), lanes 4-, 
7 represent one group of monokaryons (AxBx) and lanes 8-
10 represent the other group of monokaryons (AyBy) which 
are compatible to AxBx. Monokaryons were derived from 
the dikaryon (L40) through the dedikaryotization 
• 
p r o c e s s . 
- DNA bands amplified by AP-PCR with primer [MS] were 
resolved by non-denaturing polyacrylamide gel 
electrophoresis (PAGE) and stained with silver stain. 
Several DNA segments were amplified in each sample. 
Eleven bands with different sizes were observed but the 
band intensity was not uniform. Most of the bands (8/11) 
were common among all strains and the rest of the bands 
were produced in individual strains (3/11)• AP-PCR 
polymorphisms are named on the basis of the primer name 
and the length of the polymorphisms detected. MS-472 and 
MS-222 are present in one group of m o n o k a r y o n s (lanes 
8-10) but absent in the other group. The polymorphic 
band MS-382 was only present in lanes 4-7 but absent in 
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lanes 8-10• The dikaryons (lanes 1-3) had all of these 
three polymorphic bands in a complete set of AP-PCR 
products. This result shows that AP-PCR profile of a 
monokaryon is a subset of a dikaryon profile. 
Besides primer [MS], primer [EE] was used for AP-
PCR to identify the dedikaryotization products (Fig. 8). 
DNA profiles generated by this primer were different 
from the [MS] profile. Seven bands ranging in size from 
200-700 were detected. Only one polymorphic band 
present in one group of monokaryons was observed, EE-465 
(lanes 5-7). However, this band was informative for 
distinguishing between two types of monokaryons which 




Fingerprinting analysis of various nucleic acid 
templates. Genomic DNA (5 r|g) from L . edodes, L40 (lane 
1), L40-GG16 (lane 2), L40-GG5 (lane 3), L40-GG14 (lane 
4), L40-GG8 (lane 5), L40-GG7 (lane 6), L40-GG4 (lane 
7), L40-GG3 (lane 8), L40-GG2 (lane 9), L40-GG1 (lane 
10) was amplified using M13 sequencing primer [MS]. 
Control reactions without primer or without template DNA 
produced no detectable products. Lanes M represent 
. M o l e c u l a r weight standards (Gel Marker, Research 
Genetics, AL) • The direction of electrophoresis was 
from top to bottom. Arrows show the identified 
polymorphic bands, and the numbers on the right indicate 
the size (bp: base pairs) and the position of the 
molecular weight standards. 
. -……- - - — …… 
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FIGURE 8 . 
Fingerprinting analysis of various nucleic acid 
templates. Genomic DNA (5 r|g) from L • edodes, L40 (lane 
1), L40-GG16 (lane 2), L40-GG5 (lane 3), L40-GG14 (lane 
4), L40-GG8 (lane 5) , L40-GG7 (lane 6), L40-GG4 (lane 
7) , L40-GG3 (lane 8), L40-GG2 (lane 9), L40-GG1 (lane 
10) were amplified using EcoRI-EXT primer [EE]. Control 
reactions without primer or without template DNA 
produced no detectable products. Lanes M represent 
Molecular weight standards (Gel Marker, Research 
Genetics, AL) . The direction of electrophoresis was 
from top to bottom. Arrows show the identified 
polymorphic bands, and the numbers on the right indicate 
the size (bp: base pairs) and the position of the 
molecular weight standards. 
1 2 3 4 5 6 7 8 9 10 M 
L J i ^ m M K M ^ ^ _ 700 
— b d ^ H E r " 
N f l H K i ' � � 
Page 64 
4.4 IDENTIFICATION OF POLYMORPHIC GENETIC MARKERS 
Initially, six arbitrary primers, 20-30 nucleotides 
in length, were used singly in AP-PCR to screen for DNA 
• polymorphisms among the parental dikaryotic strain L40, 
two parental monokaryotic strains, L40-GG2 and L40-GG8, 
: and also the 18 single spore isolates (monokaryotic 
progenies) of L40. Only four of the primers (primer MS,, 
M R , DC and EE) gave reproducible AP-PCR profiles. Each 
of them amplified 7-12 prominent DNA bands. Primer 
GalK-54 [GK] amplified 2-3 bands that were not always 
reproducible. The sixth primer, ArcA-cds [AA], did not 
give any band (Fig. 9) • The size of the amplified 
fragments were approximately 160-1000 base pairs in 
length, some discrete DNA fragments exhibited 




Effect of agarose gel concentration. Genomic DNA from 
L . edodes L40, was amplified using six arbitrary 
primers: M13 sequencing primer [MS] (lane 1) , M13 
reverse sequencing primer [MR] (lane 2), EcoRI-EXT 
primer [EE], Del-C23 primer (lane 4), GalK-54 primer 
(lane 5) and ArcA-cds primer (lane 6). Lanes G 
represents molecular weight standard (Gel Marker, 
Research Genetics, AL) and Lane M shows the other 
molecular weight standard, pBR322 Mspl digested DNA. 
Panel A shows the AP-PCR products resolved by 1.4% 
agarose gel and Panel B represents the same products 
resolved by 3% agarose mix (2% NuSeive + 1 % SeaKem). 
The numbers on the right indicate the size (bp: base 
pairs) and the position of the molecular weight 
standard. 
A - B 
‘ …一―__ 
d 2 3 4 5 6 G M 1 2 3 4 5 6 0 
• H i • • 
E B B S ^ ^ ^ H 700 
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4.4.1 AP-PCR FINGERPRINTS FROM SINGLE PRIMER 
Primers [MS], [MR] , [EE] and [DC] were chosen to 
conduct a series of experiments for detecting the AP-PCR 
polymorphic markers segregation in F1 progenies from the 
dikaryon (L40)• A total of 18 F1 progenies were tested 
for the segregation analysis. In addition, two parental 
monokaryons ‘ (L40-GG2 and L40-GG8) and the parental , 
dikaryon (L40) were all examined by AP-PCR. 
Segregation of AP-PCR polymorphic markers in 18 F1 
progenies from the dikaryon (L40) was analyzed by 
horizontal agarose gel electrophoresis. The amplified 
products from the two parental monokaryons and the 
parental dikaryon were also included on each g e l . In 
addition, three controls were also included, the first 
one was without genomic DNA and second one was without 
primer and the last one was no Ampli-rag DNA polymerase 
added. The controls did not show any visible bands (as 
Fig. 6) . Figures 10, n , 12 and 13 show the 
electrophoretograms of amplification products from the 
same sets of progenies using four different primers. 
These results revealed amplification patterns and the 
• AP-PCR polymorphisms. The polymorphic markers were used 
as segregating genetic markers for linkage analysis. 
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Figure 10 shows the DNA profiles of the AP-PCR 
products using primer [MS]. Eight bands were amplified 
in the parental dikaryon (lane a) . The size of the 
products was 200-700 base pairs in length. The 
amplified DNA fragments produced in this range were more 
consistent and were reproducible between two independent 
amplification reactions. Seven and five bands were 
amplified in the two parental monokaryons L40-GG2 and • 
L40-GG8, representing subsets of the parental dikaryotic 
strain L40 AP-PCR DNA profile. Three polymorphic bands 
were identified, they were named MS-472, MS-382 and MS-
222 (nomenclature of AP-PCR polymorphisms was based on 
the primer name and the length of the polymorphism 
detected)• Among these three identified markers, MS-472 
and MS-382 were identified as P/A type polymorphisms, 
that is, presence or absence of a band among the 
monokaryotic progenies, and MS-222 was identified as a 
band brightness polymorphism. These three AP-PCR 
markers in offspring can be traced back to one or other 
parental monokaryotic, strain suggests that they behave 
as stable inherited genetic markers. Segregation 





Polymorphic patterns detected in L . edodes DNA from 
d i f f e r e n t related individual strains. Genomic DNA (5 r|g) 
w a s amplified using M13 sequencing primer (-47) [MS]. 
Lanes : M, pBR322 Mspl digested DNA as molecular w e i g h t 
standard; a , L . edodes (L40)； b , L40-GG2; c, L40-GG8; d, 
L40-1; e , L40-2; f, L40-3; g , L40-4; h , L40-6; i, L40-7; 
j, L40-9； k , L40-10； 1, L40~12； m , L40-13； n , L40-14； o , 
L40-15； p , L40-16; q , L40-17; r , L40-18; s, L40-19; t , 
. L 4 0 - 2 0 and u , L40-22. The direction of electrophoresis 
w a s from top to bottom. Arrows show the identified 
p o l y m o r p h i c bands, and the numbers on the right indicate / 
the size (bp: base pairs) and the position of the 
m o l e c u l a r weight standard. 
— h i j k M l m n o p q r s t u 




Figure 11 shows the AP-PCR profiles when primer 
[MR] w a s chosen. Seven DNA fragments were amplified in 
. the parental dikaryon. The size of the AP-PCR DNA 
products was between 280 and 800 base pairs in length. 
Two polymorphic bands MR~590 and MR-4 3 5 were d e t e c t e d . 
These two polymorphisms were scored as band presence or 
absence (P/A) type polymorphisms. In addition, one 
ambiguous band MR-521 was also observed but this band 






P o l y m o r p h i c patterns detected in L . edodes DNA from 
.1 
d i f f e r e n t related individual strains. G e n o m i c DNA (5 rig) 
w a s amplified using M13 reverse sequencing p r i m e r (-48) 
[MR]. Lanes : M , pBR322 Mspl digested DNA as m o l e c u l a r 
w e i g h t standard; a , L . edodes (L40)； b , L40-GG2; c , L40-
GG8; d , L40-1; e , L40-2; f, L40-3; g , L40-4; h , L40-6； 
i, L40-7； j , L40-9； k , L40-10； 1, L40-12； m , L40-13； n , | 
L40-14； O , L40-15； p , L40-16; q;, L40-17; r , L40-18； S, 
L40-19; t , L40-20 and u , L 4 0 - 2 2 . The d i r e c t i o n of 
e l e c t r o p h o r e s i s was from top to b o t t o m . A r r o w s show the 
identified polymorphic bands, and the numbers on the 
r i g h t indicate the size (bp: base pairs) and the j 
I 
p o s i t i o n of the molecular weight s t a n d a r d . 
.… .… - ‘ - - - .._. 
a b c d e f g h i j k M l m n o p q r s t u 
• • I 坤 
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Page 71 
Figure 12 shows the results of an experiment in 
which the primer [EE] was used to amplify fragments of 
genomic DNA from various L . edodes isolates. Twelve 
discrete DNA fragments were amplified representing the 
maximum number of fragments amplified among all primer 
and template combinations. However, only two fragments 
were identified as polymorphic and the rest are common 
to both parental monokaryons. The identified ^  
p olymorphic bands are EE-465 and EE-293 and they are 
classified as P/A type polymorphism (i.e. either 
presence or absence of the amplified bands among the 
p r o g e n i e s ) . 
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FIGURE 12. 
P o l y m o r p h i c patterns detected in L. edodes DNA from 
d i f f e r e n t related individual strains. G e n o m i c DNA (5 rig) 
w a s amplified using EcoRI-EXT primer [EE]. L a n e s : M , 
pBR322 M s p l digested DNA as molecular w e i g h t standard; 
a , L . edodes (L40)； b , L40-GG2; c , L40-GG8; d , L40-1; e , 
L40-2； t , L40-3； g , L40-4； h , L40-6； i, L40-7； j , L40-9； 
IC, L40-10； 1, L40-12； m , L40-13； n , L40-14； o , L40-15; 
P, L40-16； q , L40-17； r , L40-18; s, L40-19; t , L40-20 
and u , L 4 0 - 2 2 . The direction of e l e c t r o p h o r e s i s w a s 
from top to b o t t o m . Arrows show the identified 
p o l y m o r p h i c b a n d s , and the numbers on the r i g h t indicate 
the size (bp: base pairs) and the p o s i t i o n of the 
m o l e c u l a r w e i g h t standard. 
:—一…… 一 
e f “ 丨 J k I m n 0 p q r s “ M 
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Figure 13 shows the AP-PCR DNA fingerprints 
I obtained with primer [DC]• The size of amplified 
products ranged from 100 to 650 base pairs in length. 
i • ^ • I 
Ten discrete fragments were identified and three 
polymorphisms DC-434; DC-411 and DC-286 were scored. 
These three polymorphic markers were scored as band 
presence or absence (P/A) type polymorphisms. In lanes 
d , h , 1 and q , the DNA fragments amplified were ^ 
obviously fewer than in the other lanes. H o w e v e r , the 
• results were still the same after two independent 
•experiments. The reason for the inefficient 




P o l y m o r p h i c patterns detected in L . edodes DNA from 
d i f f e r e n t related individual strains. G e n o m i c DNA (5 Tig) 
w a s amplified using Del-C23 primer [DC]. Lanes : M , 
pBR322 M s p l digested DNA as molecular w e i g h t standard; 
a , L . edodes (L40)； b , L40-GG2; C, L40-GG8; d , L40-1; e , 
I L40-2； f , L40-3； g , L40-4； h , L40-6； i, L40-7； j , L40-9； 
k , L40~10； 1, L40-12； m , L40-13； n , L40-14； o , L40-15； 
p , L40-16； q , L40~17； r , L40-18； S, L40-19； t , L40-20 
and u , L 4 0 - 2 2 . The direction of e l e c t r o p h o r e s i s w a s 
from top to b o t t o m . Arrows show the identified 
p o l y m o r p h i c b a n d s , and the numbers on the r i g h t indicate 
the size (bp: base pairs) and the position of the 
m o l e c u l a r w e i g h t standard. 
ab c d e f g h i j M k l m n o p q r s t u 
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In summary, only 4 out of 6 random primers 
generated useful AP-PCR polymorphisms in amplifications 
of the genomic DNAs in the L40 progenies. For these 
four p r i m e r s , the mean number of useful polymorphisms is 
2.25 per p r i m e r . In some cases the brightness of bands 
varied among amplifications of offspring DNAs to the 
extent that scoring was difficult. Repeating an 
amplification which produced faint bands did not always 
produce a more distinct result; thus some of the bands 
remained ambiguous, for example, MR-521. Eight out of 
nine AP-PCR polymorphic markers are of the P/A type 
polymorphisms and the remaining one is a band brightness 
p ol ymorphism. Analyses of these markers by Chi-square 
test and subsequent linkage analysis are listed in Table 
2, 3 and 4. 
« 
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4.4.2 A P - P C R FINGERPRINTS USING TWO PRIMERS 
A s mentioned above, the results showed that single 
arbitrary printers could be used to amplify genomic DNA 
of L . edodes, and these polymorphisms could be detected 
between the amplification products of different 
individuals even though these individuals were closely 
r e l a t e d . Welsh and McClelland (1991) reported that twcp 
arbitrary primers could be used in pairwise combinations 
for each AP-PCR amplification reaction. This means six 
primers can be used individually or in pairwise 
combinations to produce a total of 36 different 
amplification reactions* The DNA fingerprints produced 
by pairwise primers were not identical to those produced 
by single primer alone. Thus, the same set of chosen 
Iprimers can be used in ‘more than one reaction and this 
obviously .increases the number of informative AP-PCR 
polymorphic markers per number of primers available. 
The total number of DNA fragments generated by the 
two primers [DC] and [EE] was more than those by each 
primer alone. Fourteen discrete fragments were scored 
(Fig. 14) with sizes ranging from 50 to 700 base pairs 
in size. The smallest fragment may indicate the 
presence of primer dimer. From the fingerprints, eight 
bands out of fourteen (57%) were generated by each 
primer used alone. Ten bands were identical in two 
• . 
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monokaryons and two bands were ambiguous. A s a w h o l e , 
only two polymorphic markers were identified, DCEE-502 
and D C E E - 4 6 5 . The naming of these polymorphic markers 
is based on the two primer abbreviations and the length 
of the detected polymorphism. These two markers were 
segregated in a Mendelian fashion (Table 2) and the Chi-
square values are listed in Table 3. 
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FIGURE 1 4 . 
E l e c t r o p h o r e t i c analysis (3% agarose gel) of A P - P C R 
p r o d u c t s of DNA from different L . edodes s t r a i n s . 
G e n o m i c DNA (5 rjg) w a s amplified using two p r i m e r s 
E c o R I - E X T primer [EE] and Del-C23 primer [DC] (in 
p a i r w i s e c o m b i n a t i o n ) . Lanes : M , pBR3 22 M s p l digested 
DNA as m o l e c u l a r w e i g h t standard; a , L . edodes (L40)； b , 
L40-GG2； c , L40-GG8; d , L40-1； e , L40-2; f , L40-3; g , 
L 4 0 - 4 ; h , L40-6; i, L40-7; j, L40-9; k , L40-10; 1, L40-
12； m , L40-13; n , L40-14; O , L40-15； p , L40-16； q, L40-
17; r , L40-18; s, L40-19; t , L40-20 and U , L 4 0 - 2 2 . T h e 
d i r e c t i o n of electrophoresis was from top to b o t t o m . 
A r r o w s show the identified polymorphic b a n d s , and the 
n u m b e r s on t h e right indicate the size (bp: base pairs) 
and t h e position of the molecular w e i g h t s t a n d a r d . 
a b c d e f g h i j k M l m n o p q r s t u 
465 -•。• 
-309 
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The second experiment used the M13 sequencing 
primer [MS] and Del-C23 primer [DC] together to 
fingerprint genomic DNAs from the L . edodes family (Fig. 
15) . Thirteen fragments were amplified. In this case, 
only five bands (38%) were identified as single primer 
specific. Four polymorphic markers were scored and they 
w e r e identified as DCMS-853, DCMS-724, DCMS-4 31 and 
D C M S - 1 7 2 . This reaction generated the highest number of 
polymorphisms among all AP-PCR reactions. The sizes of 
the products were between 150 and 1100 base pairs in 
length. Moreover, the overall banding patterns of the 
samples were very faint except two discrete fragments. 
In summary, the DNA fingerprints produced by adding 
two primers per reaction are also useful to identify 
different individuals. The number of amplified 
fragments was comparatively greater than those obtained 
with a single primer. In addition, the generated 
polymorphic markers were usually new. The average 
number of new polymorphic markers identified is three 
per reaction. This may give us a chance to score more 
polymorphic markers for mapping purpose. 
‘ . _ 
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FIGURE 1 5 . 
E l e c t r o p h o r e t i c analysis (3% agarose gel) of A P - P C R 
p r o d u c t s of DNA from different L. edodes s t r a i n s . 
G e n o m i c DNA (5 rig) w a s amplified using two p r i m e r s M13 
s e q u e n c i n g primer [MS] and Del-C23 p r i m e r [DC] (in 
p a i r w i s e combination)• Lanes : H , pBR322 M s p l digested 
D N A as m o l e c u l a r w e i g h t standard; a , L. edodes (L40)； b , 
L40-GG2； c , L40-GG8； d , L40-1； e , L40-2； f, L40-3； g , 
L40-4； h , L40-6； i, L40-7； j, L40-9； k , L40-10； 1, L40-
12； m , L40-13； n , L40-14； O , L40-15； p , L40-16; q , L40-
17; r , L40-18; s,. L40-19; t , L40-20 and U , L 4 0 - 2 2 . The 
d i r e c t i o n of electrophoresis was from top to b o t t o m . 
A r r o w s show the identified polymorphic b a n d s , and the 
n u m b e r s on the right indicate the size (bp: b a s e pairs) 
and the position of the molecular w e i g h t s t a n d a r d . 
……-
• i i i i i l l i 853 bp 
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4.5 SEGREGATION OF POLYMORPHIC MARKERS IN SINGLE SPORE 
ISOLATES (SSIs) 、 
From six successful AP-PCR amplifications, a total 
of 16 markers were identified. The data for assortment 
of 16 segregating AP-PCR polymorphic markers among the 
progenies of the dikaryon (L40) is suminarized in Table 
2‘ Results for Chi-square analysis of goodness-of-fit, 
to a 1:1 segregation ratio of the marker bands are given 
in Table 3. For these 16 L . edodes AP-PCR polymorphic 
m a r k e r s , 14 cases fit a 1:1 segregation while two cases 
did not fit this ratio. All results were tested at the 
0-05 level of significance. The two markers which did 
not fit the 1:1 ratio were not used for subsequent 
analysis. The remaining 14 markers were then used to 





















































































































































































































































































































































































































































































































































































































































































































































































































































































TABLE 3 . 
A P - P C R polymorphic markers frequency and 乂2 value for 
expected Mendelian segregation ratios. 
• V i 
A P-PCR Present Absen Expected Ratio b 
m a r k e r ^ t 
MS-472 10 8 1:1 0.22 
MS-382 9 9 1:1 0.00' 
MS-222 8 10 1:1 0.22 
MR-590 11 7 1:1 0.89 
MR-4 35 I 14 4 1:1 5.56* 
EE-465 4 14 1:1 5.56* 
EE-293 6 12 1:1 2.00 
DC-434 7 11 1:1 0.89 
DC-411 9 9 1:1 0.00 
DC-286 9 9 1:1 0.00 
DCMS-853 9 9 1:1 0.00 
DCMS-724 8 10 1:1 0.22 
DCMS-383 9 9 1:1 0.00 
DCMS-172 13 5 1:1 3.56 
DCEE-522 7 11 1:1 0.89 
DCEE-465 _5 13 IjJL 3.56 
a The name of AP-PCR markers based on the primer name 
and the length of the polymorphism detected. 
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b The critical x2 at p=0.05, 1 df, is 3.84. Values 
followed by an asterisk (•) indicate a significant 
deviation from the expected values. 
J • 
I - ‘ 
j ‘ 
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4.6 S I N G L E S T R A N D E D C O N F O R M A T I O N P O L Y M O R P H I S M ( S S C P ) OF 
I D E N T I F I E D P O L Y M O R P H I C F R A G M E N T S 
I 
To t e s t t h e p o l y m o r p h i c DNA f r a g m e n t s i n h e r i t e d in 
the p r o g e n i e s a r e h o m o l o g o u s in s e q u e n c e to the 
r e s p e c t i v e p a r e n t a l b a n d s , s o m e s e l e c t e d f r a g m e n t s 
g e n e r a t e d f r o m a m p l i f i c a t i o n s w e r e s u b j e c t e d to S i n g l e 
S t r a n d e d C o n f o r m a t i o n P o l y m o r p h i s m ( S S C P ) a n a l y s i s 
( O r i t a e t a 7 . , 1 9 8 9 ) . F i g u r e 16 s h o w s the r e s u l t s w h e n 
i d e n t i f i e d a m p l i f i e d p r o d u c t s ( M S - 2 2 2 ) f r o m L 4 0 - G G 2 , 
L 4 0 - 3 , L40-7， L 4 0 - 1 4 and L 4 0 ~ 1 8 w e r e e m p l o y e d in t h i s 
t y p e of a n a l y s i s . In e a c h c a s e , the a m p l i f i e d p r o d u c t 
w a s d e n a t u r e d i n t o t w o s i n g l e s t r a n d e d m o l e c u l e s . 
For S S C P a n a l y s i s , s e q u e n c e v a r i a t i o n s a m o n g 
s a m p l e s c a u s e d e n a t u r e d s t r a n d s to r e n a t u r e to d i f f e r e n t 
s e c o n d a r y s t r u c t u r e s , t h e r e b y i n f l u e n c i n g m o b i l i t y 
d u r i n g n o n - d e n a t u r i n g p o l y a c r y 1 a m i d e gel 
e l e c t r o p h o r e s i s . T h a t is, o n l y the a m p l i f i e d p r o d u c t s 
w i t h s a m e s e q u e n c e s w o u l d h a v e the s a m e m o b i l i t y and it 
w a s r e p o r t e d t h a t e v e n a s i n g l e base c h a n g e in the DNA 
m o l e c u l e s may be d e t e c t e d by t h i s m e t h o d (Orita et a 7， 
1 9 8 9 ) , T h i s m e t h o d is m o r e s e n s i t i v e than 
h y b r i d i z a t i o n . 、 
Each s a m p l e s h o w s t w o v i s i b l e b a n d s w h i c h w e r e t h e 
t w o d e n a t u r e d s i n g l e s t r a n d e d f r o m the r e — a m p l i f i e d 
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p r o d u c t s . T h e s e two b a n d s w e r e s e p a r a t e d b e c a u s e they 
h a v e d i f f e r e n t s e c o n d a r y s t r u c t u r e s in the non-
d e n a t u r i n g gel . All five s a m p l e s had the s a m e b a n d i n g 
p r o f i l e s i n d i c a t i n g t h a t they have the s a m e s e q u e n c e . 
T h u s , t h e i d e n t i f i e d DNA p o l y m o r p h i c f r a g m e n t s ( M S - 2 2 2 , 
in t h i s c a s e ) i n h e r i t e d in the .progenies w e r e at least 
h o m o l o g o u s and may be identical in s e q u e n c e to the 
r e s p e c t i v e parental b a n d . • 
A n o t h e r two i d e n t i f i e d p o l y m o r p h i c DNA f r a g m e n t s 
w e r e p i c k e d for SSCP a n a l y s i s . T h e s e two bands w e r e DC-
411 and D C M S — 3 8 3 . The r e s u l t s show t h a t the p o l y m o r p h i c 
DNA f r a g m e n t s inherited in the p r o g e n i e s w e r e a l s o 
identical in s e q u e n c e to the r e s p e c t i v e parental b a n d s . 
T h e s e r e s u l t s v a l i d a t e d t h a t the same size a m p l i f i e d 
p r o d u c t s m u s t be d e r i v e d f r o m the s a m e regions of the 
g e n o m e and the s e q u e n c e s of the p o l y m o r p h i c bands are 
inherited c o n s i s t e n t l y f r o m p a r e n t s to o f f s p r i n g s . 
I . 
I ： \ 
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F I G U R E 16-
N o n i s o t o p i c S S C P of an al kal i - d e n a t u r e d 222 bp 
f r a g m e n t s . M S - 2 2 2 b a n d s , o n e of t h e i d e n t i f i e d A P - P C R 
p o l y m o r p h i c m a r k e r s , f r o m v a r i o u s L. edodes i s o l a t e s w a s 
r e - a m p l i f i e d f o r P C R - S S C P a n a l y s i s ( L a n e s 1 - 5 r e p r e s e n t 
L 4 0 - G G 2 , L 4 0 - 3 , L 4 0 - 7 , L 4 0 - 1 4 and L 4 0 - 1 8 r e s p e c t i v e l y ) 
on 8% non d e n a t u r i n g p o l y a c r y l a m i d e gel a t 4 ^ 0 . L a n e M 
r e p r e s e n t s t h e Gel M a r k e r m o l e c u l a r w e i g h t s t a n d a r d 
( R e s e a r c h G e n e t i c s , A L ) . T h e n u m b e r s on t h e r i g h t 
i n d i c a t e t h e s i z e (bp: b a s e p a i r s ) a n d t h e p o s i t i o n of 
t h e m o l e c u l a r w e i g h t s t a n d a r d s . D e n a t u r e d s i n g l e 
s t r a n d e d a n d d o u b l e s t r a n d e d D N A w e r e l a b e l e d a s s s and 
ds r e s p e c t i v e l y . 
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4.7 LINKAGE ANALYSIS OF THE IDENTIFIED AP-PCR MARKERS 
I 
Table 4 shows the pairwise lod scores of the 14 
identified polymorphic markers which were mapped by 
analyzing the segregation patterns of these markers 
among the progenies of L . edodes (L40)• The closely 
linked markers cosegregated to the same progeny 
monokaryon and linkage was only considered s i g n i f i c a n t� 
if the logarithm of odds (lod) score was greater than 
3 . 0 0 . On the basis on the lod scores, only two linkage 
groups were identified: MS-472〜MS-382 and EE-293〜DCEE-
522. The probability of the cosegregation between these 
two m a r k e r s is over 5000 (lo3.74) times greater than 
these markers assorted randomly. Linkage was not 
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































5.1 DNA EXTRACTION 
Both DNA extraction methods can produce moderate 
yield of genomic DNA and the average molecular weight of 
the prepared DNA is over 20,000 base pairs (20 K b ) . 
Yoon et a l . (1991) reported that 6 to 100 rig DNA per mg ^ 
fresh myceliim was obtained through their m e t h o d . In 
this thesis, I could obtain an average of 14 r\g DNA per 
mg fresh mycelium. 
subsequent analyses showed that the cesium chloride 
preparation method is better than Lee and Taylor's 
i m e t h o d . Removal of polysaccharide contaminants by 
cesium chloride ensures the production of consistent AP-
PCR DNA products. It was reported that the 
macroinolecules (e.g. polysaccharides and proteins) 
inhibit the amplification process dramatically 
(Williams, 1989; Yu & Pauls, 1992). Therefore, it is 
necessary to remove these molecules before pcR 
amplification. Protein is easily denatured by 
phenol/chloroform treatment. However, removal of 
polysaccharides by phenol/chloroform method is not 
effective. 
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DNA quality can be reflected by the absorbance 
ratio of O . D . 2 60nin/O.D. 280nin. High quality DNA gives a 
ratio of 8 or higher while low quality DNA gives a 
ratio of around 1.3 to 1.5. The absorption peak of 
nucleic acids is at 2 60nin and that of protein is around 
at 280nin. Therefore, a good DNA preparation with only 
minute protein contamination will give a higher ratio. 
DNA preparation with ratios between 1.8 and 2.0 is good 
for AP-PCR amplification. On the contrary, the prepared 
DNA is not recommended for amplification when the ratio 
is lower than 1.5. Moreover, the best amplification 
products always produce when this ratio is approaching 
to 2.0. As a whole, the tested cesium chloride method 
is better for purify mushroom DNA for AP-PCR analysis. 
5.2 ARBITRARY PRIMERS 
Using any arbitrary chosen primer is one of the 
major characteristics of AP-PCR or RAPD techniques. 
However, the primers chosen for the first method are 
completely at random. Since the primers are different in 
length, in GC content, and also in nucleotide sequence, 
we cannot perforin any systematic analyses to compare the 
performance among different primers. According to the 
results obtained in this thesis, we can only speculate 
that a oligonucleotide primer with 30 base pairs or 
longer in length is‘ not suitable for AP-PCR. This 
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\ speculation is based on the results of using primer [AA] 
which gave no amplified products after 4-5 trails. The 
longer the primer the few annealing sites would be 
expected along the genome. Therefore, few or even none 
of the amplification product will be produced during the 
cycles. During the high stringency cycles, the high 
annealing temperature would further forbid the priming 
between the primers and the template DNA. As a result,, 
no amplified fragments were detected. Moreover, the 
complementary nature of the terminal ends of the 
products allows the 、 formation of hairpin loops 
eventhough annealing is possible during the low 
stringency cycles. When this structure is formed, no 
primers can approach to the possible annealing sites. 
_ The problem is more serious while a long stretch of 
oligonucleotide primer is used. A long stretch of 
primer produces a long stretch of this complementary 
tail which stabilizes the hairpin structure. This 
secondary structure of the amplified products hinder the 
annealing process and the subsequent elongation process 
(Caetano-Anolles et al•; 1992). Hence, the use of a 
shorter oligonucleotide can avoid this particular 
problem. Utilization of primers with 10 base pairs in 
length, which is adapted in the RAPD protocol, may 
improve the efficient of annealing of primers. 
Page 95 
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Based on the primers used in this thesis, primers 
with GC contents greater than 70% are not suitable for 
AP-PCR analysis. The highest GC content is 70% among 
the selected primers. AP-PCR with the primer [GK] did 
hot consistently generate a reproducible pattern. This 
may be due to its high GC content nature. The binding 
force between GC pairs is greater than that between AT 
pairs and the denaturation of template DNA with high GC， 
cluster is more difficult. The annealing sites for 
primer [GK] may be very variable and thus lead to an 
inconsistent fingerprints. 
Based on the above two considerations, the failure 
of obtaining good AP-PCR patterns with some of the 
primers performance can explained. In summary, 
oligonucleotides should be rigorously tested for priming 
ability and reproducibility before they are employed as 
tools for AP-PCR analysis. 
5.3 DEDIKARYOTIZATION DEMONSTRATION 
The purpose of the dedikaryotization experiment was 
to identify the genotypes of the two parental nuclei in 
the dikaryon L40. , The determination of parental 
genotypes was necessary. The parental and non parental 
genotypes must be distinguished for genetic analysis. 
Because no genotype information on the two compatible 
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*monokaryons the parental strains of L40, the only way 
was to get the information from the dedikaryotization 
p r o d u c t s . The DNA fingerprints of the dikaryon is 
equivalent to the summation of two monokaryons‘ 
fingerprints• It could be observed that the genetic 
characteristics of the two parental monokaryons are very 
similar because only 4 out of 18 AP-PCR bands are 
different between the two monokaryons. The genetic 
similarity between these two monokaryons may allow only 
‘a small number of polymorphic markers. However, this 
problem could be eased by using a large number of 
primers and primer combinations. 
5.4 IDENTIFICATION OF POLYMORPHIC GENETIC MARKERS 
Analysing the AP-PCR products by agarose gel 
electrophoresis, it was possible to detect highly 
reproducible polymorphisms. Two major types of 
polymorphisms appear to be present in our study: absence 
of a band (null phenotype) and band brightness. The 
polymorphisms between individuals can arise through: (1) 
nucleotide changes that prevent amplification by 
introducing a mismatch at one priming site; (2) deletion 
of a priming site; (3) insertions that render priming 
sites too distant to support amplification; and (4) 
insertions or deletions that change the size of the 
amplification product (Williams et a l . , 1990). However, 
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I have not determined the causes of the observed 
polymorphism. Their consistent reproducibility indicated 
that they are not artifacts of the PGR technique and 
some of these polymorphisms have been proved to be 
I I 
useful for genetic mapping. One of the advantages of 
the AP-PCR method is that the use of arbitrarily chosen 
primers for amplification provides a broadened scope of 
potential template DNA. In theory, the entire mushroom 
genome is targeted for、 primer annealing, facilitating 
the development of a high density map. 
sixteen markers were identified over the course of 
this thesis in less than two years. Over 85% (14/16) of 
total markers are found to obey the Mendelian 
segregation pattern (1:X) from heterozygous dikaryon to 
its progenies. These polymorphic markers have a very 
high probability to be allocated on the linkage map 
providing that more primers are used. AP-PCR is 
extremely powerful when comparing with other 
conventional methods. For example, eight allozyme 
markers for L. edodes were identified in four years 
(Royse and May, 1987; 1991). Moreover, the 
amplification condition has been optimized for L . 
edodes. A rapid progress in the genetic analysis of 
this important mushroom is expected. 
5.5 AP-PCR ANALYSIS OF A MUSHROOM 
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One limitation of the AP-PCR or RAPD analysis is 
the dominant nature of the polymorphic markers. It is 
not possible to distinguish whether a DNA segment is 
amplified from a locus that is heterozygous or 
homozygous with a dominant polymorphic marker in a 
diploid organism. However, RFLPs (like isozyme) are 
codominant markers that one can immediately deduce 
homozygosity or heterozygosity at a locus from the 
presence of a hybridization signal. The dominant nature 
of the AP-PCR or RAPD makers obstructs some researches 
on genetic mapping especially on the plant species with 
multiple sets of chromosomes. But it does not mean that 
AP-PCR or RAPD is not suitable for genetic analysis in 
plant sjpecies (Carlson et a l . , 1991; Baird et a l . , 
1992; Crawford et al., 1993; Devos & Gale, 1992; He et 
a l . , 1992; Kaemmen et a l . , 1992; Munthale et a l . , 1992; 
Verlihg & Nguyen, 1992). On the contrary, Carlson and 
co-workers demonstrated that dominance should not 
restrict the use of polymorphic markers in genome 
analysis with conifers. They reported that the 
segregation patterns of polymorphic markers in F1 
progeny of conifer obeyed the Mendel's law of 
segregation (Carlson et a l . , 1991). 
The purpose of stating this limitation is to point 
out that L, edodes is especially amenable for analysis 
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‘ with AP-PCR or RAPD markers because it has a double 
•I haploid stage with dikaryons containing two separated 
i ‘ . 
1 huclei (dikaryons) is the prominent stage of the 
i 
m u s h r o o m . The vegetative stage of the mushroom is 
either haploid or dikaryotic. The real diploid stage 
only occurs just before basidiospores formation within a 
I "restricted" area of the basidiocarp. Thus, the life 
cycle of L. edodes is mainly occupied by prominent, 
haploid and double haploid (dikaryon) stage. Analysis 
of haploids can provide a complete information for 
heterozygous loci in the parental dikaryon that is not 
confounded by dominance effects (Hunt & Page, 1992)• 
In summary, the availability of haploid progenies 
,1 
I in L. edodes reveals all heterozygous loci in the 
dikaryon and will provide complete information for 
genome mapping. Unlike other edible mushroom (Agaricus 
bisporus), there is no need for additional steps to 
identify a limited number of, homokaryons from a mixture 
of heterokaryons and homokaryons. Thus, L . edodes is 
very amenable to genetic analysis with AP-PCR. 
5 • 6 MENDELIAN SEGREGATION PATTERN OF THE POLYMORPHIC 
MARKERS 
The Mendelian segregation pattern of the genetic 
markers observed in the progenies indicates that the 
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detected polymorphisms are useful for constructing a 
high density genetic map. The 14 identified markers are 
segregated in Mendelian fashion and only two markers 
were statistically deviated from this expected ratio 
(1:1). The small progeny size may be implicated as a 
possible explanation for such deviations of segregation 
loci from the expected ratio. One of the improvements 
is to increase the number of single spore isolates, 
(SSIs)• The collection of single spore isolates is 
random and it is necessary to collect a sufficient 
number of SSIs (n > 50) in order to avoid any errors. 
A s the population being analysed increases in size, the 
information obtained will be more representative and 
the deduced map distance between two markers is more 
reliable. 
We also observed independent assortments of 
multiple AP-PCR polymorphic markers. Most of the 
identified markers were separated randomly during 
m e i o s i s . Therefore, the DNA fingerprints among the 
progenies were not identical. Based on the results, 
only two linkage groups were identified: ns-472〜MS-382 
and EE-293〜DCEE-522. In addition, ten polymorphic 
markers were not shown to be linked with any other loci. 
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6 CONCLUSIONS AND FURTHER STUDIES 
A s a preliminary study, this thesis mainly focused 
on some technical aspects which may influence the 
�� 
success of the amplification. First, DNA prepared from 
cesium chloride is better than that from conventional 
phenol/chloroform method for amplification. It appears 
that removal of polysaccharides and proteins ar,e 
necessary for consistent and reproducible fingerprints. 
Second, the use of agarose gels and ethidium bromide 
staining methodologies produce clear resolution of both 
major and minor bands with consistent reproducibility. 
Good resolution of bands could also be obtained using 
non-denaturing polyacrylamide gels and silver staining, 
j Comparing these two methods, I found that both produced 
j clear banding patterns but the former is easier to 
I I 
handle. Other researchers found an increase in 
resolution of minor bands using denaturing PAGE or 
denaturing gradient gel electrophoresis (DGGE) 
(Caetano-Anolles et a l . , 1991; Richard et al., 1989).. 
Third, the AP-PCR protocol which used throughout 
this study has been revised recently (J. Welsh, personal 
communication)• The modified protocol is more reliable 
and the amplification products are more consistent than 
the original one (Welsh & McClelland, 1990). This 
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amplification protocol is useful and applicable for a 
wide range of living or、ganisms and preserved materials. 
The data obtained in this preliminary study with 
shiitake mushroom indicates that AP-PCR is theoretically 
and practically feasible for mushroom genome analysis. 
sixteen polymorphic,markers are identified in this study 
which are specific to the strain L4 0. Among them, 14 
markers obey Mendelian segregation ratio and two linkage 
groups are identified by the LOD score method. 
This study is the first to demonstrate the 
potential of using AP-PCR analysis for creating a 
genetic map for an edible mushroom. It is obvious that 
the genome is not saturated with the 14 markers since 
I 
j the number of linkage groups obtained is smaller than 
the number of haploid chromosomes of the mushroom (n = 
8) (Y. J . Pan, personal communication) . It is likely 
that the unlinked markers will converge with t h e two 
linkage groups when additional markers are identified 
from AP-PCR with more primers and analysed. 
Genetic maps based on molecular markers are proved 
to be useful in many species for studying genes of 
economic or agronomic importance such as the genes 
encoding for disease resistance (Landry et al., 1987; 
Sarafatti et a l . , 1989) • Genetic linkage maps hold the 
I 
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！ greatest potential for increasing the efficiency of 
i straih improvement programs in cultivated edible 
I 
； m u s h r o o m s . Long vegetative stage and mating factor 
I incompatibility combine to hinder conventional mushroom 
^ breeding of shiitake mushroom by requiring great 
j investments of time and land for progeny evaluation. 
* G e n e t i c map of this mushroom may provide the basis for 
early screening procedures, thus permitting breeders to 
m a k e initial selections among very young p r o g e n y . such 
selection would not be based on the phenotypes of 
individual strains, but rather on phenotypes predicted 
by genotypes at the molecular marker loci known to 
cosegregate with a particular pheno七ype. only 
potentially superior progenies would be grown to 
• maturity for evaluation. By increasing the frequency of 
desirable phenotypes in hybrid progeny, the probability 
of selecting truly superior recombinants would be 
e n h a n c e d , and the space required for cultivation 
evaluation would be reduced substantially. 
Furthermore, the experience gained with AP_PCR 
analysis of shiitake suggests three possible 
applications: (1) genetic diversity studies (Kwan et 
a h , 1992); (2) genetic linkage mapping, and (3) 
dedikaryotization demonstration• Moreover, these 
anonymous molecular markers have other uses for 
characterizing the mushroom genome: (i) AP-PCR loci may 
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be used as the starting points for chromosome walking 
experiments to clone closely linked genes, e.g., mating 
type genes, and (2) identified AP-PCR loci may be used 
as chromosome specific probes for determining the number 
of chromosomes of the mushroom. 
To conclude, it would be possible to extend the 
！ current genetic map to include more AP-PCR m a r k e r s、 
Since the amplification condition has been optimized for 
. a particular strain, I believe that it will elicit rapid 
progresses in the genetic analysis of L . edodes. A 
saturated linkage map which is both practically and 




I would suggest the following for further studies. 
i . 
I 1) Collection of more single spore isolates is necessary 
！ . 
for linkage analysis because the data obtained from a 
！ ‘ 
larger population is more reliable. 
2) Using bulked segregate analysis (BSA), we may be able 
to map and characterize the mating type genes of the 
mushroom (Michelmore et a l . , 1991). 
Page 105 
3) Identified markers can be used as a staring point for 
chromosome walking to clone the nearby genes (e.g. 
agronomic traits). 
4) Amplification of RNA using the AP-PCR protocol was 
described by Welsh and McClelland (1992), thus genes 
that are expressed differentially during various 
developmental stages can be identified and cloned. , 
； - I 
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CHAPTER 2 
ELFICTFTOMORETIC KARYOTYPE ANALYSIS OF Lentinula edodes 
7. INTRODUCTION 
� 
Associated with the linkage mapping study, the 
procedure for generation of protoplast from L. edodes 
mycelium was improved to enable karyotype determination 
by Pulsed Field Gel Electrophoresis (PFGE)• In order to 
count the total number of chromosomes, it is necessary 
to prepare unbroken chromosome molecules from the 
mushroom and it is impossible to get intact chromosomes 
丨 from ordinary DNA extraction method. Therefore, 
protoplast techniques was used to ensure to obtain 
substantial amount of unbroken chromosome could be 
obtained. 
Pulsed field gel electrophoresis enables the 
separation of chromosome-sized DNA molecules from some 
lower eukaryotes. In this thesis, I have chosen one of 
the modified PFGE method, contour-clamped homogeneous 
electric field (CHEF) system, to resolve L. edodes 
chromosomes and tries to estimate the total number of 
‘ \ 
chromosomes and to deduce the genome size of this 
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mushroom. Utilizing PFGE, three chromosome-size DNA 
bands were identified forming electrophoretic karyotype 
o f L. edodes. 
！ • I 
\ 
\ 
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:「 8 . lilTfeRATtJRE REVIEW 
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8*1 O V E R V I E W 
T h e number of chromosomes of an organism can be 
d e d u c e d ftom direct microscopic examination or from 
establishing a genetic linkage m a p . H o w e v e r , neither of 
t h e s e two methods is applicable to fungal and mushroom 
s t u d i e s . Fungal chromosomes are usually too small to be 
t e a d i l y resolved and reliably counted by light 
miclroscopy, thus the results obtained are not consistent 
among different researchers (Alexopoulos and M i m s , 1979/ 
k o h n , 1992). In addition, metaphase chromosomes usually 
catinot be observed during mitosis of fungal c e l l s . The 
- dispersed rather than condensed nature of the chromatin 
p r e c l u d e s karyotype determination by direct m i c r o s c o p i c 
examination (Kohn, 1992). 
Since direct microscope examination is not 
r e l i a b l e , the construction of a genetic map is obviously 
an alternate method to deduce the chromosome number of a 
f u n g u s . It has not been possible to construct a 
representative linkage map of L. edodes as the number of 
m o r p h o l o g i c a l , physiological and biochemical markers 
available for L. edodes are too small. 
I . • : . ‘ ， � 
.f.‘f •丨’…丨：， • ： Pace 109 
. ‘ 會 . 、 : 、 . ， . ： . 
. • ！ j 士he technique pulsed field gel electrophoresis 
；(t'FGE) was developed to separate chromosome—size DNA 
molecules 线 nd can be used for karyotype analysis 
(Schwartz and Cantor, 1984) • PFGE has been used to 
fesolve intact fungal chromosomal DNA by gel 
electrophoresis principle. Some examples are discussed 
In the following sections. 
8.2 咖 T O P L A S T S 
Protoplasts refer to the spherical wall-less plant 
or fungal cells. The hyphae of fungi can be treated by 
cell wall degrading enzymes and cell walls removal to. 
generate protoplasts. Protoplast production is used in 
different kinds of studies of higher plants and fungi 
(Peberdy, 1989)• Plant and fungal protoplasts is a good 
material for obtaining intact high molecular weight 
chromosomal DNA. 
The success in the PFGE is to a large extent 
depends on protoplast yield. There are few studies' to 
optimize the condition of protoplast generation from L. 
edodes (Kawasumi et al., 1987) as the reaction is 
affected by various factors that include an effective 
osmotic stabilizer, a suitable wall lytic enzyme system 
and the age of the mycelium. 
- ‘ 
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8.3 PULSED FIELD GEL ELECTROPHORESIS (PFGE) 
8.3.1 PRINCIPLE 
Gel electrophoresis is one of the most commonly 
Used separation techniques in modern molecular biology. 
Conventional gel electrophoresis of DNA molecules is 
carried out by placing the DNA in a solid matrix (i.e. 
agarose or polyacrylamide) and inducing the molecules to 
. m i g r a t e through the gel under a static electric field. 
The molecular weight range which can be resolved by 
using conventional agarose gel electrophoresis is 
limited to sizes smaller than 50 kilobase pairs (kb). In 
cohventional gel electrophoresis, DNA molecules above 50 
k b have the same mobility and thus are not separated. 
Early attempts to extend the range of separation to 
larger DNA molecules relied on reducing the matrix 
concentration and using lower voltage gradients 
(Frangman, 1978)• Unfortunately, low percentage agarose 
gels are very difficult to handle, and electrophoresis 
at low voltage gradients requires days to weeks. 
Schwartz and Cantor (1984) introduced the technique that 
DNA molecules larger than 50 kb could be separated by 
using two alternating electric fields (i.e. pulsed field 
gel electrophoresis [PFGE]). Since then, a number of 
instruments based on this principle have been developed 
to separate DKA molecules from a few kb to over 10 M b . 
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The principle of PFGE is similar to conventional 
gel electrophoresis. One of the major differences is 
that two alternating fields are applied across the gel 
matrix iti PFGE. When an electric field is applied to the 
g e l , DNA molecules elongate in the direction of the 
field and migrate in the gel. The first electric field 
• ‘ 
is then removed and a second field, at an angle to the ‘ 
first field, is activated. The DNA coil must change 
conformation and reorient before it can migrate in the 
direction of the second electric field. The time 
required for this reorientation is found to be very 
sensitive to the molecular weight of the DNA. Larger 
DNA molecules take longer time to realign after the 
fields are switched than smaller ones. Consequently, 
I molecules of increasing size must spend a longer portion 
of each switching cycle reorienting before they begin to 
migrate through the gel. Carle and Olson (1985) 
demonstrated that the chromosomes of the yeast S• 
cerevisiae can be separated using pulsed field gel 
electrophoresis. 
One of the PFGE instruments, Contour-clamped 
Homogeneous Electric Field (CHEF) system, is now widely 
I used for determining the number of chromosomes in a 
I • • 
• ‘ 
\ 
： Page 112 
variety of lower eukaryotes (Royer et a l . , 1992 ; 
J Higashiyama & Yamada, 1991)• This instrument generates 
I • 
i homogeneous electric fields using multiple electrodes 
arranged around a closed contour. Therefore, the 
electric fields are uniform and the angle between the 
j electric fields is also constant across the g e l . As a 
r e s u l t , DNA molecule由 migrate at different rates 
depending on the molecular weight. Discrete chromosomal 
sized DNA are separated in the gel m a t r i x . Besides, 
twenty-four electrodes are arranged in a hexagonal 
contour which offers reorientation angles of 60^ and 
120^. The resolved chromosomes are separated in 
straight lanes. Therefore, lane-to-lane comparisons and 
size estimations for separated chromosomes are more 
straightforward than non-homogeneous field apparatus 
r 
I (Chu et a l . , 1986)• 
8.3.2 APPLICATIONS OF PFGE IN STUDIES OF FUNGI 
Pulsed field gel electrophoresis was used to 
characterize and confirm an electrophoretic karyotype of 
some fungi including mushrooms. Fungal chromosomes are 
very variable in size with the smallest ones of 
Saccharomyces cerevisiae, ranging from 200 kb to 2 M b 
(Carle and Olson, 1985). Intermediate size chromosomes, 
ranging from 1 Mb to 3.5 M b , are found in Candida 
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albicans (Asakura et a l . , 1991) and the largest 
chromosomes, from 4 Mb to 12 M b , in Schizosaccharomyces 
j pombe, Neurospora crassa, a n d Aspergillus nidulans 
(Smith et a l . , 1987; Orbach et a l . , 1988; Broody et a l , , 
1991)• The electrophoretic karyotype of Agaricus 
I bisporus was reported in which total of 13 chromosomal-
sized DNA bands were identified and the estimated genome 
size is about 34 M b . (Royer et a l . , 1992). , 
i -. 
I .. I 
I ‘ 
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i 9. MATERIALS AND METHODS 
9.1 STRAINS AND CULTURE MEDIA 
I The strains used in this study are listed in Table 
1 and the stock culture of these strains were all kept 
on PDY agar slant and maintained at room temperature< 
The following media were used : 
1) PDY liquid medium : 24.0 g of potato dextrose broth 
(Difco), 2.0 g of yeast extract (Difco), and distilled 
water was added to 1 liter. 
2) PDY agar medium : Same as PDY liquid medium with 15 g 
of bacto agar (Difco). 
I 
i 9.2 SOLUTIONS 
I . 
• Magnesium Sulphate, 1.0 M (pH 5.0) : 119 gram of MgSO* 
and 2.322 gram of maleic acid were dissolved in 800 ml 
H 2 O , the pH was adjusted to 5.0 with 5 N NaOH, and 
then diluted with water to 1 liter. 
• Mannitol, 1.0 M (pH 5.0) : 182.17 gram of mannitol and 
2.322 gram of maleic acid were dissolved in 800 ml H2O 
and the pH was adjusted to 5.0 with 5 N NaOH. Water 
was added to 1 liter. 
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* NDS buffer was O.Ol M Tris-Cl (pH 7.5), 0.5 M EDTA (pH 
8.0), 1% laurylsarcosine and 1 mg/ml Protease K in 
double distilled water. 
t 
• Sucrose, 1.0 M (pH 5.0): 342.3 gram of sucrose and 
2.322 gram of maleic acid were dissolved in 800 ml H2O 
and the pH was adjusted to 5.0 with 5 N NaOH. Water 
was added to 1 liter. 
9.3 PRODUCTION OF Lentinula edodes PROTOPLAST 
The selected monokaryotic strain (L40-3) was first 
cultivated on PDY agar plate for 1 month at 28®C in the 
d a r k . The mycelium was then harvest by scrapping and 
macerated in a Waring blender for 30 seconds in 50 ml of 
t -
I 
liquid PDY medium. Ten ml of the resulting suspension 
was pipetted into a flask containing 30 ml PDY medium 
i 
and then incubated at 28°C in the dark for 2-3 weeks. 
The mycelium was harvested and macerated in a Warning 
blender for 20 seconds. This secondary culture was used 
for another inoculation. Three ml of the blended 
mycelial mat was transferred to a ISOml E-flask 
containing 30 ml PD broth medium (noted: not PDY at this 
I , 
stage) and incubated for 72 hours. After this incubation 
period, the surface of the liquid medium was covered 
with few fine young mycelium. This mycelium was 
harvested by filtration through a Whatman N o . 1 filter 
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p a p e r . The mycelial pad was washed twice in 5 ml 
distilled water and was rinsed with 2.5 m l , 1.0 M 
j Mannitol solution (pH 5.0). Then, it was resuspended 
I into 2 ml enzyme solution that contained 1% Novozyme 234 
I (Movo Biolabs, CT) in 1.0 M Mannitol, 0.02 M sodium 
I maleate buffer pH 5.0. After 105 to 120 minutes of 
^ incubation at room temperature with gentle shaking, 
令 protoplasts and hyphal fragments were then passed 
through a 3 ml syringe packed with 0.5 mm thick cotton 
fiber. Protoplasts were collected from the effluent by 
centrifugation at 750g for 7 minutes. The protoplast 
pellet were then washed twice with 1.0 M Mannitol and 
then resuspended in the same osmotic stabilizer. The 
number of protoplasts was counted using a hemocytometer. 
Protoplast concentrations of about 1 X 10^ protoplasts 
per milliliter of greater were desirable to achieve 
i acceptable band intensity on the gels. Finally, the 
j- J)rotoplasts in osmotic stabilizer were mixed with an 
i • 
equal volume of molten 1.4% low gelling agarose (FMC 
BioProducts, ME) in TE buffer and pipetted into either a 
Bio-Rad plug former or a home-made plug mold. When 
solidified, the plugs were soaked in 0.5 M EDTA solution 
at 55OC first; then placed in NDS buffer overnight at 
55^C, rinsed three times in 0.5 M EDTA and stored at 
in 50 mM EDTA. 
j • 
9.4 ELECTROPHORETIC CONDITIONS 
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The CHEF-DR II system (BioRad, CA) used for pulsed 
field gel electrophoresis. The electrophoresis chamber 
consists of 24~electrodes in closed-contour, with 
dimensions of the chamber and the positions of the 
electrodes were described by Chu et a l . (1986) • 
Electrophoresis was carried out with a Bio-Rad 200/2.0 
power supply. Constant temperature was maintained by 
circulating the electrophoresis buffer (0.5X TBE) inside 
the chamber connected to a cooling system• Three 
electrophoretic conditions were chosen for karyotype 
analysis and the details were listed in the following 
sections. After electrophoresis, the gels were then 
stained with ethidium bromide solution (0.5 jig/ml) for 1 
hour and destained in distilled water for 30 minutes. 
CONDITION FOR Saccharomyces cerevlsiae CHROMOSOMES 
Gels were cast as 1.0% agarose (BioRad, CA) and 
were electrophoresed at 12^0 in 0.5X TBE : :ffer (45 mM 
Tlris base/45 mM boric acid/0.2 mM EDTA, pH 8.2) . s. 
cerevlsiae chromosomal DNA markers were included as size 
standards. Gels were electrophoresed at 200V with two 
pulse intervals of 60 seconds (15 hr) and 90 seconds (9 
hr): 
9.4.2 CONDITION FOR Candida albicans CHROMOSOMES 
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A 80 m l gel containing 1.0% agarose (BioRad, CA) 
w a s p o u t e d directly into a gel mold c h a m b e r . The DNA-
a g a r o s e plugs were inserted into the gel w e l l s and 
sealed with 0.7% low gelling agarose in running b u f f e r . 
S . cerevisiae and Schizosaccharomyces pombe chromosomal 
DNA m a r k e r s were included as size standards. Gels w e r e 
electrophoresed at 12^0 in 0.5X TBE buffer at 150 V with 
two p u l s e intervals of 120 seconds (24 hr) and 180 
seconds (12 h r ) . 
9.4.3 CONDITION FOR Schizosaccharomyces pombe 
CHROMOSOMES 
；.. Gels were made with 0.8% agarose in 0.5X TBE 
i b u f f e r . Agarose plugs were inserted into the wells and 
‘ 站 a l e d in place with 0.7% low gelling agarose in running 
b u f f e r . S. cerevisiae a n d Schizosaccharomyces pombe 
chromosomal DNA markers were included as size s t a n d a r d s . 
Electrophoresis was for 166 hour at I20c in o.5X TBE 
buffeiT. Pulse time was 30 minutes during the run and 




10.1 PROTOPLAST PRODUCTION OF L. edodes 
1 0 丄 1 EFFECTS OF AGE OF MYCELIUM ON PROTOPLAST YIELD 
The yield of protoplasts depended on various 
factors and one of these is the age of the mycelium. 
Three day old mycelial culture gave the highest yield of 
protoplasts which was about 7.75x106 per gram of fresh 
mycelium in 0.6 M mannitol with 0.5% (w/v) Novozyme 234 
as the lytic enzyme. The protoplast yield decreased 
significantly when the incubation period for mycelial 
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10.1.2 EFFECTS OF VARIOUS OSMOTIC STABILIZERS ON 
PROTOPLAST YIELD 
• I 
Three types of osmotic stabilizers were tested for 
I protoplasts production. They were mannitol, sucrose and 
magnesium chloride (MgSOq) which are frequently used for 
protoplast production in many fungal species. Among 
t h e m , 0.8-1.0 M mannitol in 0.02 M sodium meleate buffer 
PH 5.0 gave the highest yield of protoplasts from active 
growing mycelium with 1% (w/v) Novozyme 234 as lytic 
enzyme (Table 5). The other two types of solutions were 
ineffective for stabilizing the protoplasts. 
�� 1 • 
i . , 
I • ‘ 
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TABliti 5 . Effects of various osmotic stabilizers on 
p r o t o p l a s t production of L . edodes 
j O s m o t i c Concentration Protoplast Yield (xlO^ 
Stabilizer(s) (M) per gram of fresh 
mycelium) a 
0.4 02 土(KOI 
丨， M a g n e s i u m 0.6 2.6011.67 , 
Chloride 0.8 2.22土1.12 
1 « 0 0 . 9 7 士 0 . 5 6 
0 - 4 0 . 0 3 土 0 . 0 1 
i 
j Sucrose 0.6 1.2l±0.06 
0 - 8 1 . 0 9 土 0 . 2 3 
1 』 • 1. 14±0. 19 
二 0 - 4 0 . 0 5 土 0 . 0 2 
26.6土2.58 
M a n n i t o l 0.8 58.3士1.69 
1 - 0 5 9 . 3 土 6 . 4 0 
35.7 土 0.91 
^ Yields (Mean ± Standard deviation) are calculated from 
three t r i a l s . 
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i O . l 」 EFFECTS OF TWO LYTIC ENZYMES OF PROTOPLAST YIELD 
T w o types of cell wall lytic enzymes N o v o z y m e 234 
and lywallzyme were tested. For L. edodes, 5.7xlo8 
p r o t o p l a s t s w e r e produced by using 1% N o v o z y m e 234 at 
r o o m temperature but only 4.5x105 p r o t o p l a s t s w e r e 
o b t a i n e d by using 1% lywallzyme in the same c o n d i t i o n . 
In a d d i t i o n , no synergistic effect was observed when twp 
ehzym^s w e r e used together (Table 6). 
TiVBtiE 6. Effect of lytic enzymes on p r o t o p l a s t 
p r o d u c t i o n of L. edodes 
一 =s=s= ================r=========~-s 
Lytic Enzyme(s) and Protoplast Yield (xlO^ per 
Concentration (w/v), gram of fresh w e i g h t df 
• — mycelium) a 
1冬 Novozyme 5 6 士 3 1 
1冬 Lywallzyme O.OSfO.OS 
1 宅 N o v o z y m e -f 1% Lywallzyme 58 .8 土2. 72 
a Yields (Mean 土 Standard deviation) are calculated from 
three t r i a l s . 
10.1.4 THE OPTIMAL CONDITION 
Firom results, the optimal condition for protoplast 
production of L. edodes (L40-3) was d e s i g n e d . A three-
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day old mycelial culture was used for protoplast 
production. A l.o M mannitol solution in 0.02 M sodium 
maleate buffer (pH 5.0) was used as osmotic stabilizer 
and 1% (w/v) Novozyme 234 as the cell wall lytic enzyme. 
M o r e o v e r , the digestion time is about 105-120 minutes at 
room temperature. 
10.2 ELECTROPHORETIC KARYOTYPE OF L . edodes ’ 
Three discrete chromosomal-sized DNA bands were 
visualized after CHEF analysis. These DNA bands were 
numbered consecutively from the largest(1) to the 
smallest(3) (Fig. 18, Table 7). The sizes of observed L. 
edodes chromosomal DNAs ranged from 3.4 Mb to 1.7 M b , as 
estimated by using chromosomal DNAs of s. cerevisiae 
and Schizosaccharomyces pombe as size markers. The 
estimated sizes of all of the observed chromosomal bands 
are listed in Table 7. 
TABLE 7. Size estimates of L. edodes (L40-3) chromosomal 
DNAs as determined by CHEF analysis 
•、 






Pulsed Field Gel Electrophoresis (PFGE) analysis of L . 
edodes chromosome-size DNA by CHEF-DR II system (BioRad, 
CA) • Lane A , Molecular weight standard {Saccharomyces 
cerevisiae)； Lane B—E, Lentinula edodes (L40-3) with 
v a r i o u s protoplast concentration (B: ixlO^； c： 5xlo8, D: 
1X109 and E: IXlolO per ml); Lane P - H , Volvariella 
volvapea and Lane I, Molecular weight standard 
(Schizosaccharomyces pombe)• The numbers on the right 
indicate the position of the three identified 
chromosomal DNA bands (1, 2 and 3)• The numbers on the 
left represent the size (kbp: kilo base pairs) and the 
position of the molecular weight standards. 
A B C D E F G H I 
2300 - 2 
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li* DISCUSSIONS 
11.1,PROTOPLAST PRODUCTION OF L . edodes 
！ one of the important factors in releasing a large 
‘ number of protoplasts is the generation of substantial 
I 
I amount of actively growing mycelium because only 
丨 
actively growing mycelium, instead of contrasting to 
aged mycelium, are susceptible to cell wall lytic 
. e n z y m e . Blending of mycelium, which produces new active 
growing sites of the inoculum, is essential. since the 
growth rate of shiitake mushroom is lover than that of 
many other mushrooms, a longer duration is required for 
mycelial growth and recovery from mechanical injury. In 
this thesis, 3-day incubation was optimum for generating 
sufficient amounts of active growing mycelir ’ on the 
contrary, if the incubation period was longer than 3 
days, a significant drops of protoplast production would 
occur due to rapid accumulation of chitin and other cell 
wall components on the growing mycelium that the cell 
w a l l become resistant to lytic enzyme (Kawasumi et a l . , 
1987). 
The highest number of protoplasts was consistently 
released when Mannitol (1.0 M) was used as osmotic 
stabilizer, different from that of Kawasumi et a J . 
(1987), who obtained the highest number of protoplasts 
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With Mannitol (0.6 M) . This disparity may be due to 
variations in enzyme preparation, growth conditions, or 
the strains utilized. Moreover, the yield of 
I 
protoplasts obtained in this study was higher than that 
previously reported (Kawasumi et a l . , 1987). 
The actual composition of the enzymes is a major 
determining factor on cell wall lytic enzyme activity, 
i • • 
Novozyme 234 is a commercial product which is derived 
from Trichoderma harzianum. The major component is p-D-
glucanase with minor a-D-glucanase and chitinase 
activities. A mixture of enzymes may the combined 
ability to digest the cell wall as the fungal cell wall 
is composed of several components, such as chitin, 
polysaccharides and pectin. 
11.2 ELECTROPHORETIC KARYOTYPE 
Using the CHEF pulsed field gel electrophoresis, 
three discrete chromosome-size DNA bands are detected 
from L. edodes. It is likely that a complete 
electrophoretic karyotype of L. edodes contains more 
than 3 chromosomes. It is proposed that the number of 
chromosomes of L . edodes is seven to eight per a haploid 
cell (Y. J . Pan, personal communication) . The fewer 
chromosomes observed in this study may be due to co-
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migration of chromosomal DNA with similar sizes. For 
instance, band 1 probably contains multiple species of 
chromosomal DNAs, judging by its relative fluorescent 
intensity. Attempts to re.<=:olv • band 1 into their 
i 
component chromosomes by using modified run conditions 
Were hot successful. 
Unlike simple gel electrophoresis, PFGE i 戸 
complicated as it is always influenced by at least 12 
parameters during operation. These parameters are 1) DNA 
size and topology, 2) DNA concentration, 3) switch time, 
4) ramps, 5) angle of the electrodes, 6) voltage 
gradient, 7) temperature, 8) run time, 9) buffer type, 
10) buffer concentration, 11) agarose type and ： 12) 
agarose concentration (BioRad specialist, personal 
communication). changes in any of the above parameters 
will greatly affect the result. There is still no 
systematic method to optimize the electrophoresis 
condition other than by trial and error. Therefore, 
selection of some reference conditions is the 
preliminary step for PFGE analysis (Birren et ai., 1988; 
Doggett et ai., . 1992). Once a partially resolved 
karyotype is obtained, some modified conditions can be 
tested in order to get a complete picture of the genome. 
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